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PREFACE 


UaouGHT belongs in that class of phenomena which are popularl}^ 
known as 'spells of weather.” A drought is a spell of dry weather; 
Other phenomena in the same general class are: "Indian Summer,’; 
the "January Thaw,” and those spells of cold, rainy and other 
unusual conditions, some of which are supposed to follow certain 
indications of anniversary dates such as "Groundhog Day” and; 
"St Swithins Day.” These spells of weather last for an indefinite 
time, usually between a few days and a few weeks. They are in 
a different class from the phenomena charted on the daily weather 
map or the regular seasonal changes of the weather. Most of these 
spells of weather are associated with elements of superstition or 
popular misconception. 

Drought is unique among spells of weather; it creeps upon us 
gradually, almost mysteriously, but its consequences are a terrible 
reality. Drought is one of the best examples of our helplessness 
before the broad-scale phenomena of nature. In spite of all the 
power man has developed, he has not been able to produce in all 
the world’s history enough rain from the free atmosphere by 
artificial means to water a modest garden at a place and time of 
his own choosing. We look into a droughty sky knowing full well 
that the atmosphere contains ample water vapor for our heeds, 
but we have no way of bringing it to earth. We see ‘millions of 
acres of vegetation slowly burn up, but there is no fire that can be 
quenched; and even if there were, we would have no water with 
which to fight it. The rain deficiencies in a major drought amount 
to billions of tons of water. 

We look through the literature in vain for an adequate explana- 
tion of drought. The Fourteenth Edition of the Encyclopaedia 
Britannica passes directly from "Drouet, Jean Baptiste” to"Drow'n- 
ing and Life Saving,” and the index has only one entry under 
"drought” and that is "drought soils.” The 1,248-page volume, 
Climate and Man, of the United States Department of Agriculture, 
prepared at the close of the greatest drought decade in our history 
and published in 1941, offers no explanation of drought. It has 
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only this to say: '"As yet, however, no definite proof has been 
advanced to contradict the opinion that all such relatively short- 
term climatic changes are nothing more than matters of chance.’" 

In the preface to "Reports on Critical Studies of Methods of 
Long-range Weather Forecasting" published in 1939 as part of 
the research project financed by funds appropriated by the 
Bankhead-Jones Act of 1935 to the Department of Agriculture 
"to conduct research into laws and principles underlying basic 
problems of agriculture in its broadest aspects,"" these were the 
conclusions, "It was demonstrated in the great droughts of 1934 
and 1936 in the United States, that calamity can be averted 
through economic and social organization. But these droughts 
also emphasized anew that scientific research thus far has failed 
to discover those natural laws that may underlie the recurrence 
of drought, and to formulate those principles by which the time 
and extent of drought and other great changes in the weather 
might be anticipated."" 

In the face of these facts, it is obvious tliat we need a new point 
of view. This book is offered modestly as a first approximation of 
what that point of view should be. It steps out boldly into the 
unknown, where we have meager facts to support the conclusions, 
but in so doing it underscores the importance of the problem and 
the need for more of the basic facts from long-continued and 
representative observations of the weather on a world-wide scale, 

The treatment of drought in this book is an example of the 
methods of "'Synoptic Climatology"" which I propose as a branch 
of the science intermediate between synoptic meteorology and 
climatology. It touches more intimately the basic controls of 
weather and climate than do either of the older branches of 
weather science. 

The weather records used as a basis for the text are those as- 
sembled and published by the United States Weather Bux'eau 
and the data contained in World Weather Records compiled by 
H. H. Clayton and published by the Smithsonian Institution. Stlib, 
more credit must be given to the thousands of men and women, 
many without compensation, who have gone faithfully to their 
posts day after day and year after year to maintain the weather 
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i^ecords of the world. These records will someday give us th( 
complete answers to these questions which are so important ii 
planning our national economy and conserving our natural re- 
sources. 

As a further acknowledgment of sources of information, I pay 
my respects to J. B. Kincer, retired chief of the Weather Bureaus 
Division of Climate and Crop Weather. Kincer spent many years 
processing data in a form that is convenient for a study of the 
drought problem. Without the data compiled by Kincer, it would 
have been impossible to write this book. 

The study of rainfall variations has been one of my hobbies for 
nearly thirty years. The ideas expressed here are my own and are 
not offered as the official views of any agency of tlie government. 
Nevertheless, it is a pleasure to record the fact that I have had 
full encouragement from the Chief of the Weather Bureau, Dr. 
F. W. Reichelderfer. 

During the years when I was carrying on these rainfall studies, 
I had help from many persons. Among these should be mentioned 
Earl Thom, who helped during the late thirties with ofScial and 
unofficial studies of world weather in relation to rainfall in the 
Southern Plains. In the final stages of preparing the manuscript I 
had assistance in different ways from a number of my fellow 
workers; the following is a partial list: Gordon Cartwright, Doro- 
thy Kelbaugh, Francis Kohl, Marie O’Bot, Elza Lorimor, Maxine 
Foutes, Orpha Hulse, Clarence Jordan, and Charles Reeves. Her- 
bert S. Bailey, Jr., of Princeton University Press has made a great 
many helpful suggestions. 

Drought has been one of the world s greatest mysteries, and it 
continues to have many puzzling features. In this case, as in many 
others in meteorology, the results of research have been and to 
some extent will continue to be confusing, because they are con- 
nected with that great paradox in meteorology, 'A hot sun makes 
a cool eaith.'" The right answers seem to be the wrong answers. 

Ivan Ray Tannehill 


July 1946 
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INTRODUCTION' ■ 

CHOOSING A POINT OF VIEW ■ 

wwvwvw 

Meteorologists, in the past, have adopted one of two v/idely 
different points of view regarding weather and climate. The 
fix’St, and the more generally accepted, may be called the olas- 
sical point of view. The second, for lack of a better name, may be 
called the objective point of view. The majority of workers in the 
fields of weather and climate, sooner or later, consciously or un- 
consciously, adopt one or the other of these attitudes. The terms 
classical and objective are used here only for convenience of 
reference. 

We all agree that the observed changes of temperature from 
day to night, from summer to winter, and other obvious changes 
are so clearly associated with our observations of the position of 
the sun that there is no question that the sun is the original cause 
of all weather changes. As we proceed from that fundamental be- 
ginning, ideas differ and diverge more widely. 

The classical view is as follows: Climate is simply average 
weather. The rising and setting of the sun and the march of the 
seasons bring inequalities in heating and cooling of the earth's 
surface and the atmosphere. The temperature contrasts between 
the two hemispheres and between the continents and oceans are 
the dominant terrestrial factors. Mountains, valleys, plains, ice 
fields, cold and warm ocean currents, deserts, forests, cultivated 
fields, snow-covered ground, swamps, lakes, tropical seas, and all 
the other geographical features of the earth, large and small, have 
their influences. 

According to this point of view the radiation received from the 
sun is essentially constant, and the changes in the weather are 
due solely to the great diurnal and seasonal variations^ that are 
produced in endless variety by the kaleidoscopic features of the 
earth and its atmosphere. For example, cloudiness in any area is 
not dissipated at once but moves, bringing new variety to the 
weather in adjacent areas. The earth's land surfaces may be snow- 
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3 first rainless day in a spell of fine weather contributes as much to the drought 
iay, but no one knows precisely how serious it will be until the last dry day 
id the rains have come again.” Loading wheat in Indiana wutli fair-weather 
the background. (U.S. Department of Agriculture, photo by Harmon) 
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covered and white, changing to brown and green with resultant 
changes In the weather. Storms of different kinds, arising from in- 
equalities in heating and conflict of air masses, move on a variety 
of paths, each being its own master, but influenced to some ex- 
tent by its predecessors. (Fig, 2.) When skies are clear and the 
atmosphere is calm, it is but a prelude to another storm, as new 
inequalities in heating produce innumerable small variations, 
some of which eventually dissipate or combine and survive, per- 
haps receiving new impulses from further diurnal or seasonal 
changes. 

Within certain limits, the atmosphere over each part of every 
continent and ocean responds in a characteristic manner. The 
sum or average of these responses, in addition to the frequencies 
of certain elements and their extremes, is climate. When we have 
detailed records of all the weather changes at any place for a 
period of years, we can analyze them and describe the climate of 
that place, giving its normal condition, its typical seasonal pat- 
terns, a statement regarding the extremes, and other data which 
are purely descriptive of weather as it comes and goes in the long 
run. There are certain features which are fixed, more or less, and 
the remainder are fortuitous, but they seldom deviate far from 
the limits determined by the nature of the atmosphere and the 
earth’s surface. 

To deal with the weather from the classical point of view, we 
chart the weather of the moment in as much detail and over as 
broad an area as possible. The visible movements and changes 
are projected as far into the future as seems possible from physi- 
cal considerations. The events of the future are foreseen only 
within a span of two or three days, as these weather changes and 
movements tend to lose their identities. We strain to see them 
farther in the future but the haze of fortuity leaves nothing in 
the distance except an indistinct convergence toward the normal 
pattern. On a chart of the earth, the major changes seem to en- 
dure a little longer, perhaps five days or a week. Then the grand 
pattern of classical climate emerges, leaving us nothing but an 
indefinite after-effect which we call persistence. 

By classical methods, the problem is never solved. Each day 



FiCx. 2. From the classical point of view each stonn is its own master, bringing ( 1 ) hail, 
(2) tornado, (3) ice storm, (4) flood, (5) dust storm, (6) hurricane, etc., according to 
forces originating within the earth's atmosphere. (U.S. Weather Bureau photos) 
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and hour bring new situations. Regardless of theories we must 
deal with the weather as it comes. Storms, floods, blizzards, hur-* 
ricaiies, and other phenomena engage our attention. Visibility, 
height of clouds, and other elements of the weather of the pass- 
ing hour are vital for air transportation. Everybody is affected by 
the weather in one way or another. As it passes, data accumulate 
in the records as further evidence to establish the climate. From 
the classical point of view, there is nothing between weather and 
climate except the time required to calculate and record the sums, 
means, frequencies, and extremes.^ 

The other point of view is called objective. It is as follows: 
Climate is as changeable as weather. The basic controls of cli- 
mate also control the weather. Here we take the view that if the 
radiation of the sun were constant, the diurnal and seasonal 
changes would be reduced almost to sheer monotony. May of one 
year would be almost if not quite like May of every other year. 
October of next year would be little different from October ten 
years ago. The objective view therefore demands variations in 
solar radiation. Every important deviation from diurnal and sea- 
sonal monotony must come originally from the sun itself. ( Fig. 3. ) 

In otlier respects, the objective view embraces nearly every- 
thing that goes with the classical view. The two hemispheres, the 
continents and oceans, and the innumerable secondary features 
including mountains, valleys, plains, ice fields, cold and warm 
ocean currents, deserts, forests, cultivated fields, snow-covered 
ground, swamps, lakes and tropical seas, reflect the diurnal and 
seasonal changes and in addition the variations in the sun itself. 
May of this year is different from May of last year because of 
variations in solar radiation. The objective view, like the classical 
view, allows terrestrial forces to affect the weather. The eruption 
of a volcano and the dust it throws into the atmosphere affect the 
weather and in some degree the climate until the last trace of 
dust is gone. The main difference between the two views is that 

^ Nothing in this book is intended to imply any eriticism of existing meth- 
ods of charting and forecasting day-to-day weather changes and issuing 
warnings of impending unfavorable or severe conditions. Great progress has 
been made in recent years in daily weather charting and forecasting. 
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Fig. 3. From the objective point of view every important change in the 
weather comes from the sun, either directly or indirectly. Here we see the 
great group of sunspots which was associated with the magnetic disturbances 
and auroral displays of September 1941. (U.S. Naval Observatory photo) 

Within the span of one generation the objective school has 
seen one of its brightest hopes fade. In the beginning, measure- 
ments of solar radiation indicated that the variations might be as 
much as five per cent, plus or minus. Refinements in methods of 
measurement and elimination of errors apparently have reduced 
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the magnitude of these measured variations to less than one per 
cent, plus or minus. This has been a severe blow to the objective 

There remain of course, the sunspot cycle and other changes 

vrf r “ th® Even the classical schLl 

grants that there are small solar variations, probably within the 

margin of one per cent, but it declares that the effLs of these 
® to the tropics, 

identify in the tumioil of independent diurnal and seasonal varia- 
tions which dominate the weather. 

Choosing a point of view becomes important when we deal 
with the phenomenon of drought. If we take the classical view 
we start with the assumption that a rainless day is a more or less 
mdependent incident in the run of weather. Two consecutive 
rainless days constitute a coincidence. Three rainless days make 
a chance combination. If this keeps on we have a drought. The 
frequency of certain combinations of rainless days is a feature of 
e dimate of a place. There is a certain expectation of drought 
based on past records of rainy and rainless days. We do not as- 

S? drought but we can explain each rainless 

day and the sum total of these individual explanations must serve 
as the explanation of the drought. 

If we adopt the objective view, we look for the basic control 
We assume that a change in solar radiation has decreed that the 
rainfall sha 1 be deficient. We look for the fingerprints of the dic- 
tator. For the tune being, at least, the climate has changed. The 
sun, which determines the climate, has changed; and a train of 
events, which may include drought, will inevitably follow. We 
look for the train of events and seek to identify each step in the 
process beginning with solar variation so that we can see the 
drought coming and understand it as it develops. 

The two divergent points of view have existed since the remote • 
time when man first attempted to explain the weather and the 
climate. Aristotle and the other philosophers of his day were es- 
sentially classical in their views. For example, they gave names to 
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the winds and each, lilce Boreas, the North Wind, (Fig. 4) had 
a will of its own and seemed to come and go according to its in- 
dependent disposition. The sun, of course, provided heat accord- 
ing to its regular daily and seasonal changes, but the “elements” 
were personified and were their own masters. 

The objective view also has had its countless exponents in past 
centuries. It is exemplified by “moon farming,” in which all the 
variations of the weather and the reasons for them are ignored. 
P lan ting is earned out in a certain phase of the moon, as though 
that alone guarantees the right kind of weather, either by the 
control exercised by the moon itself or by the association of its 
phases with some force wliich holds the destinies of the weather. 


Fig. 4. ‘"Boreas/" the North Wind. According to the ancients, each 
wind seemed to have a will of its own, coming and going at its own 
discretion or in conflict with other ^vinds-~the classical point of view. 
(After Shaw) 


Today we have the same division of thought. By weather map- , 
ping and air mass analysis we study the details of weather over 
a broad area at each moment of time. We predict changes and 
movements from place to place—the classical method. At the other 
extreme, we study the records of instruments thrust into the clear 
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atmosphere at the tops of mountains and try to translate varia- 
tions of solar radiation directly into weather changes at the sur- 
face of the earth-the objective method. Consciously or uncon- 
sciously, we align ourselves with one or the other of these parties 
in the long struggle to explain the changes in weather and climate 
which are of such great concern to us and to future generations. 

In this book we shall proceed with an open mind. First we 
shall look at the nature of the problem and see what drought, with 
its associated crop failures, famines, and dust storms, means to the 
peoples of the world; and we shall review briefly the history of 
droughts in the United States. Next we shall look at the facts in 
the case from the standpoint of weather. We shall review the 
rainfall records and related weather data and look for a clue. 
Third, we shaU try to put together the pieces of this great puzzle 
and see if we have a satisfactory explanation and any hope of 
predicting drought in the future. 


I. DROUGHTS 

AND THE MENACING DESERTS 


/VWWWVM 

The United States is well-fed. That is because a considerable 
part of our country nearly always gets plenty of rain.- ( Fig. 5. ) 
Under normal conditions we produce more food than we need; 
nevertheless, drought has serious consequences. Any important 
widespread deficiency of rainfall in the United States, even for 
only a year or two, strikes at the veiy foundation of our national 
security as does nothing else except w^ar or revolution. This fact 
has been impressed on us twice within the last sixty years when, 
in the depths of national depression, we were se\^erely shocked 
by what we thought at the time was a broad-scale change to a 
drier climate. 

Some early maps had the words ‘"Great American Deserf’ writ- 
ten across the Western Range, including the plains In the western 
parts of Nebraska, Kansas and Texas. These words disappeared 
from our maps when we discovered that these vast areas are suit- 
able for grazing and when the distribution of rainfall became 
more favorable after the middle of the last centuiy. Following the 
Civil War, for a period of twenty years, there was increasing rain- 
fall in the Great Plains, The generally accepted idea was that 
cultivation of the land had increased the rainfall It was thought 
that the power of the soil to absorb moisture had improved and 
that the increase in soil moisture in turn caused an increase in the 
rainfall Later this idea proved to be mistaken. Droughts became 
more severe, and now it is thought that cultivation had little to do 
with the amount of rainfall. 

Our first experience with serious widespread drought started 
after the middle of the eighteen-eighties when the rainfall for the 
nation as a whole began to diminish. For three consecutive vears 

in the nineties it was far below normal It culminated in the Weat 

o 

2 As used in this book, 'Tain” includes snow and other forms of precipita- 
tion, unless otherwise indicated in the text. 
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drought of 1894 and 1895. We had never known anything like it. 
It may have happened before we settled the vast interior of the 
continent, but this was the first great drought to put fear in our 
hearts. The rains returned and in the first decade of the present 
century we had plenty of rain, so we forgot temporarily about 
the drought problem. 

Other droughts came, of shorter duration or purely local in 
character. We did not take them very seriously. 

In 1929, autumn came to the California Coast without the usual 
rainfall. The rain deficiency was unprecedented. In 1930 there was 
a widespread drought east of the Rockies. There followed the 
"dustbowF of the thirties, the ‘"dusters'" and “black blizzards ” and 
repeated crop failures in the Great Plains. Soil which was found 
to have come from fertile western fanns filled eastern skies. 
(Fig. 6.) With short breaks, the national rainfall was deficient 
for ten years, 1930 to 1939. Again fear struck at our hearts. Al- 
most feverishly we began urging a change in our methods of 
farming. We went in for soil conservation on a large scale. The 
rains returned. Later a part of the “dustbowF became a mudliole. 


Fig. 6 . The ^'dastbowF in March 1936, (Choan) 


MENACING deserts 

DDring^orld War 11 we had an exceptionally good run of 
weather. Food was one of our best weapons. With farm labor at 
r^n^™*^ ^ produced at top levels. We had plenty 

Now what lies around the corner? 

In looking for the answer to questions about droughts and des- 

are much the same in all 
parts of the world. Every continent has a desert.* ( Fig. 7.) Africa 

which extends beyond the tropics on both sides of the equator’ 
as a esert in each hemisphere. Surrounding every desert are 

profitably except by irriga- 
tion. It takes large quantities of water to irrigate. We must have 

13,111* 

In times^of drought on every continent people think of the 
deserts with alarm. Learned men write of our expanding deserts 
our deserts on the march.” These alarming reports can be found 
m many parts of the world. For example, much of South Africa 
has a small rainfall and, like our high plains and western ranges, \ 
IS suitable for grazing under proper controls but suffers from over- 
stocking. Increasing dryness in South Africa culminated in a 

™ file governor-general appointed a 

drought commission which gathered the opinions of experts in 
all matters relating to the drought and its terrible consequences 
with particular emphasis on the possibility that a more or less 
permanent change to a drier climate was taking place. The com- 
missioners said in their final report^ in 1923 that “this drying out 
of extensive areas of the Union is still proceeding with ieat ra- 
pidity m many portions of the country The logical outcome of / 

It all w [that this country will become] ‘the Great South African! 
Desert uninhabitable by man.” (The itahcs are theirs.) They! 
recommended radical changes in farming and grazing practices. 
They considered many questions about drought and its causes 
but got no satisfactory answers. 

* There are kinds of deserts: (1) the warm or hot desert where the 
roi?? *%“®"ffi«ent for vegetation to support a population, and (2) Ae 
temperatures are too low for vegetation. The term as used 
refers to the dry (warm or hot) desert. 

Final Report of the Drought Investigation Commission. Capetown, 1923. 

13 
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In 1919 the Pacific Coast States also had a severe drought, but 
the remainder of the United States had a wet year. Fifteen years 
later we were in the depths of drought and depression. There fol- 
lowed the President’s report on “The Future of the Great Plains” 
which paralleled the South African report in many respects. In- 
deed, the same thing already had been done in this country after 
the great drought of the nineties. In these miserable times we 
ask the same old questions: What is a drought? What causes 
droughts? Why are deserts located in the places where we find 
them now? Do they expand in time of drought; and if so, are 
they likely to take up a new or more extended position perma- 
nently? Are the forces that produce the deserts the same that 
cause widespread droughts? Can droughts be predicted? Are we 
experiencing a permanent trend toward a drier climate? These 
are questions of tremendous importance. 

What is a drought? In the United States drought brings to 
mind withering crops, parched fields, dusty roads, and failing 
water supplies. In its extremes in some other countries it means 
hunger, famine, starvation, human emaciation and death, skele- 
tons of animals, and mass migration of peoples. Sometimes it has 
led to war. ■ 

But we have no good definition of drought. We may say truth- 
fully that we scarcely know a drought when we see one. We wel- 
come the first clear day after a rainy spell. Rainless days continue 
for a time and we are pleased to have a long spell of such fine 
weather. It keeps on and we are a little worried. A few days more 
and we are really in trouhle. The first rainless day in a spell of 
fine weather contributes as much to the drought as the la.st, but 
no one knows precisely how serious it will be until the last dry 
day is gone and the rains have come again. We ask if this was 
just a chance combination of dry days, or were we, even from the 
first, in the grip of some powerful force which might have been 
recognized? 

What causes droughts? Weather experts have not given a satis- 
factory answer. Books on weather and climate mention droughts 
briefly or skip the subject altogether. Climate refers to average 
weather, or typical weather, but droughts in the United States are 
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not average or typical conditions except in the Pacific States in 
summer and in certain other western areas where the climate is 
arid or semi-arid. (Fig. 8.) 

For tliese reasons we may consider drought as a stepchild in 
the weather family— a sort of meteorological black sheep. At 
times it seems to violate the law of averages, the theory of prob- 
ability, and all other rules. We might explain it as a change of 
climate but we have evidence that it has always been only a 
temporary condition. We are not sure about it until the crops 
have withered and died. There is nothing much that can be done 
until it is recognized as a bad drought, and then we come forward 
with government relief. 

When a great drought proceeds day by day until it becomes a 
catastrophe, we speculate on the same old subjects: Maybe the 
ocean currents have shifted. Perhaps the climate is changing. Dur- 
ing war time we talk about the effects of high explosives. Maybe 
the growth of radio broadcasting has affected the climate by put- 
ting too much electricity in the air! It may be due to the destruc- 
tion of forests and the plowing of fields. Maybe we have built 
too many airports. Some scientists say that storm tracks have 
changed. Others think that it may be caused by too many sun- 
spots or not enough. Finally, we gather in prayer. 

Sometimes a rainmaker is engaged to add a few local puffs of 
gas to the earth's atmosphere or go through some other hocus- 
pocus or mumbo-jumbo. We seem to be ready to believe any- 
thing, Even in time of drought there are likely to be some spotty 
rains. Here and there we have a heavy shower. The rainmaker is 
ready to exploit the farmei*'s need for rain to save his crops. He 
installs his apparatus and waits. If he is lucky and rain or a heavy 
shower comes, he gets what he considers good pay from the com- 
munity, perhaps a thousand dollars for each inch of rainfall. He 
asks for thirty days to produce the rain. If it fails to come he has 
lost nothing but his time, which is worthless anyway, so he folds 
his apparatus and silently departs to try again elsewhere. 

Time goes on and a spell of fine weather has turned into disas- 
ter. We are caught off guard. In the beginning of a drought we 
never fight back. After all, how do we know that it is going to be 
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a drought? It may be only another spell of fine weather to be 
followed shortly by more rain. It is the same with famines. Of one 
of the great famines of India, the ofiBcial report said, “The Gov- 
ernment appears to have been taken by surprise, and the severity 
of the calamity was not recognized until too late. Very little was 
done to reheve distress. The roads were strewn with dead bodies.” 

Each time there is a serious drought millions of words are writ- 
ten on crop failures, misuse of the land, overpopulation, rainfall 
records, etc. There are always many who claim that droughts 
come in cycles. There are many of these alleged cycles. They are 
of different lengths, from a few years to hundreds of years. Some 
think that droughts come and go in several different cycles, all 
working at the same time. This might explain their great imegu- 
larity, but it is not helpful. Even if we found drought cycles 
which seemed for a while to be borne out by the records, they 
would not be worth much unless they directed us to an under- 
standing of the causes of drought. 

In Ghina there are fairly good records of droughts running back 
more than 1,300 years. They seem to come in an irregular pat- 
tern. There are some records of European droughts 500 years 
earlier than in China, but there is no apparent regularity in their 
occurrence. The droughts of China have been frequent over a 
long period of years, then much less frequent for a long time, 
then more frequent again. Records of water level in the Nile 
River run back to a.d. 641. Many other indications, including 
records of tree rings, varves, crop failures, market fluctuations, 
and other historical evidences indicate large variations in rainfall 
in past centuries. Rut there are no clearly defined cycles. 

The countless droughts of past centuries have taken a tre- 
mendous toll of the world’s peoples. The settlers may have 
thought that the New World would be free of such dangers, but 
as the population has continued to increase and we have con- 
tinued to be prodigal of the natural resources of a new continent, 
we seem to be slowly but surely coming face to face with this 
terrible problem of the Old World. 

What are the effects of drought? No one seems to have made a 
study of all of the economic disturbances caused by a major 
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drought. Some of the effects were traced by Ward'^ in an interest- 
ing study of a minor drought in July 1901. It was found that al- 
most every branch of trade was affected by it. For example, the 
lack of pasturage in the Southwest led to record-breaking ship- 
ments of cattle and hogs to market at Kansas City. Here the re- 
ceipts for July 1901 exceeded those of July 1900 by 263,000 head. 
The animals were shipped, not because the market invited them, 
nor because they were in the best condition, but simply because 
of their owners" inability to feed them. The markets were so 
overstocked that the buyers dictated prices— to the great ad- 
vantage of the packers. Here was a case in which a minor drought 
led to an overabundance instead of a scarcity of important food 
products. 

In 1901 the uncertainty about the corn crop led to hesitation on 
the part of investors in railway securities. The stock markets 
underwent rapid fluctuations with every slight change in the 
weather, actual or anticipated, until the drought was finally 
broken at the end of the month. Meanwhile, building was inter- 
fered with, and trade in paints, oils and other building requisites 
suffered. Meats were in less demand on account of the excessive 
heat, and wholesalers reduced prices in order to get rid of fresh 
meats. The consumption of milk increased greatly; hence there 
was a scarcity in many cities, which was due partly to the fact 
that farmers kept their milk for cream, instead of running the 
risk of its souring on the way to the cities. Thus it is obvious that 
even a minor drought like that of 1901 has serious economic 
effects. 

The unparalleled drought of 1934 greatly reduced water levels 
in rivers and lakes, and navigation was impeded. Lightened car- 
goes resulted in losses. Lakes Michigan and Huron reached the 
lowest levels known. Communities were forced to extend water 
works farther into lakes due to recession of shore lines. Sewer 
outlets were left high and dry and became a menace to health. 
There were extensive relief works in twenty-four states. There 
was a 40% reduction in corn and wheat yields. The government 

® Publications of autliors mentioned in the text are listed in the bibli- 
ography. 


19 



MENACING DESERTS 


purchased seven million cattle and five million sheep. It was esti- 
mated that this drought (1934) and the conditions preceding it 
did direct damage to agriculture amounting to five billion dollais. 

Not the least serious of the effects of drought is the spread of 
forest fires. The litter on the forest floor becomes very dry, and 
low humidity, high temperature and fresh to strong winds pro- 
duce '‘blow-up” conditions. Camp fires, smokers, lightning strikes 
in dry thunderstorms, and other causes of fires become exceed- 
ingly dangerous in droughty weather. A small fire spreads with 
great rapidity and is diflScult to control under such conditions. 

The great Tillimook, Oregon, fire of August 1933 started from a 
tiny spark caused by the friction of one log being dragged across 
another in an active logging operation when conditions were just 
right for a blow-up.® The crew made immediate efforts to ex- 
tinguish the flames, but the fire quickly "crowned,” that is, spread 
to the top of nearby timber, and eventually burned over 261,640 
acres and destroyed or damaged nearly eleven billions of board 
feet of standing timber. 

The effects of forest fires in droughty weather are sometimes 
even more serious than the above remarks would indicate. When 
a large area is burned over, the local climate is changed. The soil 
is affected by erosion. The species of trees which grew in the 
area before may not thrive under the changed conditions. The 
land may be virtually unproductive for years and in fact may 
constitute a tlireat to towns and villages in the area. In Cali- 
fornia’s chaparral-covered mountains, two canyons were visited 
by a general rain storm in December 1933. Twelve inches of rain 
fell. One of these canyons had been burned over. Its flood waters 
swept through a town, destroyed 200 homes, and took 34 lives. 

In the unburned canyon a few miles away, the storm rainfall was j 

absorbed without flood or water damage. Thus the extremes of ,| 

the rain cycle bring a cycle of tragedy— drought, fire, dust, and | 

finally flood. 

In nations that are older and more populous than ours, droughts j 

® Dague, C. I., ‘The Weather of the Great Tillimook, Oregon, Fire of 5 

August 1983.'' Monthly Weather Review, July 1934. | 
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Fig, 9. Above. The shifting sands of the desert in Death Valley, California. (National 
Parks Service photo). Below. Some of tlie deserts of southwestern United States are 
marked by the giant cactus. (Bureau of Reclamation photo) 
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often grow into famine. More than ten million people have died 
in a single famine. It is a terrible problem in China, India, and 
other populous countries. 

In America we have a drought problem, but it is not yet a 
question of famine. But it is characteristic of the American people 
ihat we like to cross our bridges only when we come to them. In 
times of heavy rainfall we talk of flood control and in times of 
drought we talk of soil conservation. We worry about emergencies 
and forget them as soon as they have passed on. We seem to be 
rather sure that our North American desert will stay where it is 
and that our rather extensive arid and semi-arid region in the 
West and Southwest will not spread out over us. (Fig. 9.) We 
accept them as permanent features of our continent, as we saw 
them in our school geographies. History and geology do not give 
us much comfort on this point. 

There are brief droughts and long-continued droughts, local 
droughts and widespread droughts, and there are droughts pre- 
ceded by good rains and others preceded by scanty rains. 

Drought is too persistent a phenomenon to be the result of 
mere chance. Coincidences can occur, of course, but it is too much 
to believe that juxtapositions of rainless days in long sequences 
can happen as frequently as they do without some real cause be- 
hind them. We must look for the causes in the great elemental 
forces of the sun, atmosphere, continents, and oceans. We must 
examine the records of weather and climate and identify the 
withering hand that falls upon our farms and ranges every few 
years. ■ 
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^ Famine, war j and disease are pictured in the Book of Revelation 
as the three deadly enemies of the human race. Drought of itself 
ean bring on a famine. Drought can be a cause of war, which in 
turn contributes to famine. Drought and crop failure bring under- 
nourishment and starvation, which in turn contribute to disease. 
I The three go together—famine, war, and disease— and in seeking 
I the facts about the results of drought, we find the three so inter- 
\twined that they cannot be clearly separated. 

War drafts labor that should be cultivating the fields; it with- 
holds labor required to harvest the crops; it destroys crops which 
have already been harvested; it consumes and diverts the exist- 
ing stores of foods. One of the strategies of war is to blockade 
the sources of supply. If we add to this the misfortune of coinci- 
dence of drought and war, millions are threatened with starva- 
tion. But drought, when long continued, can produce these re- 
sults without the aid of war. 

War is spectacular but drought and famine are insidious. In 
the day-by-day and week-by-week starvation of a people there 
no particular point at which the news breaks into the headlines. 
The tremendous task of bringing relief to millions of people sud- 
denly overwhelms the authorities. Hoarding and thievery abound. 
There is suspicion of exaggeration and grafting. Famine and dis- 
ease fall upon the people. Sometimes they desperately wage war 
to relieve their distress. Sometimes they are too weak to fight. 

History shows that drought lies at the bottom of most famines.’' 
Men who have studied the famines of India say that there is no 
doubt that these famines have been caused directly by failure of 
the annual rains. In China there are many famines that are due 
almost solely to natural causes, chiefly droughts, but some of them 
are due to heavy rains and flooding of the fields surrounding 
shifting beds of China’s rivers. There are many contributing fac- 

Walford, C., ‘"On the Famines of the World, Past and Present.” Journal 
of the Historical Society, 1878-1879. 
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tors, but failure of the rains is the principal cause in China and 
India. The same has been true of Europe. 

Drought and famine are products of irregularities in the dis- 
tribution of the worlds rainfall. The earth is a rotating sphere, 
witli its surface nearly three-fourths water. Moisture from evap- 
oration of ocean waters brings rain to support vegetation on the 
continents. But these rains reach only a part of the continents. 
(Fig. 10.) Some parts receive practically no rain, year after year. 
The adjoining lands get insufficient rain, and there are vast mar- 
ginal areas, some with great populations, which have barely 
enough rainfall even in good years. 

The destinies of hundreds of millions of people are involved in 
the changes in the distribution of the rains. 

At intervals, one or more of tire world s deserts seems to be ex- 
panding. Crops fail and there is consternatipn among millions of 
people. In the afflicted areas there is seldom any food reserve. 
To the people of the lands of famine, the coming of winter with- 
out prospect of food means death. The peasant turns his hopeless 
gaze into the hot, cloudless atmosphere. But all signs fail in dry 
weather.” Many thousands are in the same terrible situation. 
Natural processes eventually will bring rain again, but surely it 
will be too late. Past experience does not offer any hope. The 
spirit of the watcher dies within him, but his body lingers in 
torture. 

We can look upon drought as a valley of rain deficiency in the 
broad sweep of time and weather. We emerge from the valley 
and welcome a world of normal peace and prosperity; but even 
as we do, we may be slipping slowly down into another valley of 
deficiency. Rainfall in large areas of the world is exceedingly 
critical. When drought occurs, large populations become restless. 
Aimless migration follows. The world’s supply of food cannot be 
divided in advance of the harvests. It is shared in accordance 
with the distribution of the world’s rainfall. Its inequalities lead 
to conflict. 

Nothing to eat! Do we understand what that statement means? 
Someone says that if it doesn’t rain soon the crops will be a failure 
and everybody will die this winter. The problem is as old as 
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civilization. The Scriptures say, ""And there was a famine in the 
land/' In those days there were starving people, refugees, and 
mass migrations, just as there have been in recent centuries. 

More time passes and still no rain. The future looks more and 
more hopeless. ''The authorities will do nothing. Every official is 
a grafter." These remarks are heard on every corner; they can 
apply to any one of a number of countries.^ 

More than a fourth of the population of the world lives in 
lands of famine (Fig. 11) and nearly half of the remainder lives 
under the constant threat of deficient rainfall. When drought 
hangs on, "communities, for all the courage of their people, fall 
into decay, with poor schools, shabby houses, the sad cycle of 
tax sales, relief, aimless migrations."® 

Time goes on and the drought continues. Crops have failed 
everywhere. Undernourishment is apparent. The chief topic of 
conversation is food. Hunger absorbs all thought. Here and there 
men are guarding potato patches. People are beginning to barter 
everything for food to store up for a few days ahead. There are 
beggars everywhere. They provide themselves with pails or bowls 
to gather the refuse from the tables of the well-to-do. Rinds of 
watermelon and pumpkins, potato peelings and bones make good 
soup. Locusts are helpful as a supplementary diet. 

Everybody accuses the officials of stealing and robbing. They 
are not sure what kind of government they want, but they do 
want a change. "It wont make any difference. Well all starve 
anyway." 

Everybody has eaten the seed grain the government gave them 
for next years crops. Things will be worse when all the grass, 
acorns, and locusts are consumed. 

In one place there are thousands of children each receiving 
daily only a small chunk of coarse black bread and some watery 
soup. They look underfed and ill. The bread is made of acorns 
and grass. It gives them pains, but the pangs of hunger are worse. 

® Tins description is a composite of facts concerning several great famines 
in Egypt, China, India, Russia, and other countries. 

9 This sentence refers to the United States! Quoted from The Future of the 
Great Plains, Document No. 144, 75th Congress, 1st Session. 
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Fig. 10. Rainfall of the earth. 














Fig. 11. Density of population, showing concentration in regions of Europe and Asia where distribution of rainfall is critical. Note 
the correspondence between Figures 10 and 11. 
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Dandelions and wild onions are gone and scurvy is break- 
ing out. • 

The river banks are piled with household goods which the 
peasants hope to send away by boat in exchange for food. People 
waiting for boats live in the open in indescribable misery and 
filth. The chief occupations are sleeping and delousing. Someone 
who can afford the exorbitant prices sits down to a poor meal in 
a public place, and dozens of hungry eyes watch through the 
windows and bony hands reach out for the things on the table. 

Bodies are swollen. Wailing parents and begging children flock 
through the streets. Shop windows are smashed. Refugees are 
flocking through. Ten to thirty are taken off the trains eveiy day- 
some are dead from hunger and others from typhus, which is 
spreading everywhere. 

Time passes on. Winter begins. Bodies stripped naked are ly- 
ing helter-skelter; there are men, women and children, with limbs 
and features twisted and distorted. Others, like wounded animals, 
crawl quietly away to die. Still others in a state of stupor are in- 
different, too weak to reach for a piece of black bread if it is 
offered. 

At last the government realizes the full gravity of the situation- 
and begins shipping supplies into every available port. Cars, 
wagons and carts are all taken up for the trip through the moun- 
tains into the land of famine. Frightful disorder prevails along 
the route. Hundreds of ofScials and traders are intent on moving 
supplies through the mountain pass. The country is swarming 
with refugees, beggars, and thieves. The road is completely worn 
down and becomes impassable in places. Camels, mules, oxen, 
and donkeys are hurried along in the wildest confusion. So many 
of the animals die or are killed for their flesh by the desperate 
people in the hills that the remainder must be guarded by the 
militia. 

Night traveling is out of the question. The road is marked by 
the carcasses and skeletons of men and beasts. Wolves, foxes, and 
soon put an end to the suffering of any wretch who lies 
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lower hooks on the ends of ropes through latticed windows and 
drag miserable pedestrians from desolate streets to get their flesh. 

At last a trickle of this enoi'mous traffic begins to arrive in the 
land of famine. Distribution of food starts amidst disorder and 
violence. The government says with some satisfaction that this 
was one of the worst famines in the history of the country and yet 
not more than two million persons died! 

The rains come again. The drought ends. All during the famine 
there were abundant rains and overproduction of foodstuffs in 
other countries where prices were driven down and people were 
made miserable and homeless by the hard times and floods. World 
economy has been shaken to its foundations. Unscrupulous men 
have come into power and everybody is afraid war will break out. 

Droughts sometimes lead to war because the people of lands 
stricken by recurrent drought do not always submit tamely to 
starvation. When deficiencies of rainfall have developed slowly, 
so that the pressure on the population increased gradually, whole 
tribes have become savage and nomadic. Occasionally hordes of 
barbarians have descended on relatively defenseless peoples liv- 
ing contentedly in lands which have for the time being a more 
favorable climate. . 

History contains many examples of the rise and fall of civiliza- 
tions. The evidence of deficient rainfall as the cause of many of 
these disasters is a subject of controversy. In most of these cases 
we have no very satisfactory indication of the amount of rainfall. 
The dwindling of lakes and the shrinking of glaciers are consid- 
ered to be impressive bits of evidence, but there is little precise 
information about the rainfall. Irrigation, agricultural practices, 
erosion, destruction of forests, conquests, silting, and many other 
factors have to be considered. 

It has been found, for example, that the Syrian Desert which 
now occupies a wide area between the coast range of the eastern 
Mediterranean and the Euphrates at one time was more thickly 
populated than any area of the same size in England except the 
immediate vicinities of large cities. It has been claimed that for- 
merly there was more rainfall in that region than at present, but 
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there is no certainty about it. The overthrow of the Roman Em- 
pire has also been attributed to dwindling rainfall. 

The amount of rainfall required for agriculture is surprisingly 
critical. A relatively small but persistent change puts great pres- 
sure on the population. In the United States, for example, an av- 
erage yearly rainfall of thirty inches or more for the country as a 
whole is decidedly favorable. When this national average falls be- 
low twenty-eight inches, there are severe droughts in some parts 
of the country, and a national rainfall below twenty-six inches 
has most serious consequences. ' 

Records show that in the last sixty years the most favorable 
decade in the United States was from 1905 to 1914 with an an- 
nual average of about thirty inches for the country as a whole; 
the years from 1930 to 1939 were the worst with a national av- 
erage of twenty-eight inches. The latter decade was featured by 
crop failures, dust storms, and a very considerable shift of the 
population. (Fig. 12.) If the rainfall over wide areas of the world 
has always been as critical as these figures indicate, we would re- 
quire very accurate records of the rainfall to help in accounting 
for the rise and fall of civilizations in past centuries.^” We lack rec- 
ords of such accuracy, but there is a strong presumption that 
variations in rainfall have been an important factor. 

10 Huntington, E., Civilization and Climate. New Haven, 1922. 
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Conditions have changed in this country. The Indian, the buf- 
falo, and the passenger pigeon are symbols of conditions which 
will never return. Gradually the face of the land and, to some ex- 
tent, the climate have changed. Written descriptions have re- 
mained, supplemented by the recollections of older inhabitants. 
But notes and memories are not of much use in establishing rec- 
ords of climatic changes. Instruments are needed to give accurate 
records, and the instruments must not be moved around too much. 
Many years of accurate records in the same location are essential 
for any worthwhile study of climatic changes. 

Early travelers to the West were impressed by the change in 
the landscape when they emerged from the forests and headed 
across the plains. Their written impressions of the Great Plains 
have been preserved. But we must make allowance for their im- 
pressions of the contrast between the timbered lands and the 
prairies. Some of them described a great desert in parts of what 
is now the Western Range and parts of the Great Plains Region. 
There is much evidence to indicate that there actually were 
periods of very deficient rainfall in the second quarter of the 19th 
century. At the bottom of certain western lakes the tracks made 
by wagons of pioneers in the 1840's were later covered by water 
and remained covered for more than seventy years. (Fig. 13.) 
Tree rings tell almost the same story. It must have been dry in 
many parts of the country near and prior to the middle of the 19th 
century. The old records at and near St. Paul, Minnesota (Fig. 14), 
give additional evidence to this effect, but some droughts are 
local, and we cannot place much reliance on the records of a 
single locality. 

Very little is known about droughts in the United States prior 
to the Civil War. This does not mean that in 1860 we knew little 
about the climate of the United States. On the contrary, Blodget^^ 
published in 1857 a climatology of the United States which con- 


■ Blodget, Lorin, Climatology of the United States, Philadelphia, 1857. 





Fig. 13. Wagon tracks of the forty-niners where they crossed the floor of Goose Lake 
basin during the drought near the middle of the last century. These tracks were covered 
with water for more tlian seventy years and were revealed again for the first time in the 
droughts after 1920. Goose Lake lies partly in Wasliington and partly in Oregon. 
(Courtesy of the Geographical Review published by the American Geographical Society 
of New York) 


tained a remarkably good appraisal of average climatic conditions 
in this country. The records of temperature and rainfall at that 
time were very short except in a few eastern localities. Weather 
stations west of tlie Appalachians prior to 1860 were few and 
widely scattered. Hence Blodget was obliged to deal in general- 
ities, but he followed the techniques of European scientists who 
had much longer records to work with, and the results were- ex- 
cellent, considering the scantiness of the material. But we can 
draw no dependable conclusions regarding droughts from the 
scanty data of those times. 

It is interesting to note that Blodget s rainfall maps (1857) 
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Fig. 14. Increasing rainfall at St. Paul, Minnesota, after the middle of the 
19th century. Averages for five years ending witli year plotted. 


showed an area of the southern Great Plains marked “Desert 
Plains.” It covered some of the same area that made the “dust 
bowl” of recent years. 

In the third quarter of the nineteenth century the areas most 
frequently affected by drought, from the Mississippi Valley west- 
ward to the Rockies, were sparsely settled, and a deficiency of 
rainfall in that region was of no great concern to the nation. In 
the East and Southeast there were frequent deficiencies of rain- 
fall, but the average rainfall there is ample, and a moderate de- 
ficiency seldom has affected total crop production seriously. 

We find here and there in historical records references to 
droughts in the United States. There are two rather astonishing 
cases in New England.^^ They are astonishing because that region 
seldom suffers from drought even when there is a widespread 
drought in the remainder of the country. In fact. New England 
sometimes gets good rains in national drought years. This recalls 
the fact that when irrigation was first practiced extensively in the 
Southwest, there were complaints that it was causing increasing 
rains in New England. It was claimed that watering the land in 
the Southwest furnished more moisture to the air and increased 

Perley, Sidney, Historic Storms of New England. Salem, 1891. 
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the storms which eame to New England from the West and 
Southwest. Time seems to have disposed of this idea and many 
others of the same kind. 

One of the historic droughts in New England occurred in 1749. 
The spring months in that year were uncommonly dry. Grass ap- 
peared to be scorched by the sun, and pastures took fire and 
burned. The smaller rivers dried up. As the season advanced, con- 
ditions grew worse. The government ordered a day of fasting and 
prayer. Finally there were showers which gave some relief. 

There was another bad drought in New England in 1762. It 
was similar to the one in 1749, but it was especially severe in 
eastern Massachusetts. A fast was held at Falmouth in Maine, 
but few attended because the men were busily engaged in put- 
ting out fires. The people were fearful that a famine would ensue. 
Rain came in great quantities in August; but, as in 1749, it was 
necessary to slaughter many of the cattle because they could not 
be fed through the winter. 

The drought of 1860 was the most severe recorded in this coun- 
try up to that time. Spring was very dry in Kansas, Missouri, 
Iowa, Minnesota, Wisconsin, and Indiana. There was a lesser 
drought in the same area in 1863 and 1864. From that time until 
the middle eighties rainfall was generally more plentiful and 
droughts less disturbing. The worst of this period occurred in 
August and September 1881. It affected the entire country east 
of the Mississippi. Many of the wells, cisterns, and springs that 
failed had never been dry before. Freight trains were seriously 
delayed by lack of water for steam. The water supply of New 
York City failed and it was necessary to draw from new sources. 
In this case, extreme heat began in July. There was great suffer- 
ing in the cities. Flundreds died of the heat. 

During these years the increasing population of the Middle 
West became conscious of the ‘'hot winds of the plains.’’ Hot 
winds have their greatest development in the region between the 
Rockies and the Mississippi. When these winds prevail, the air is 
very dry and the temperature rises above 100° F. They generally 
blow from the southwest from early forenoon to about 6:00 p.m. 
The hot dry winds of September 12, 1882, in eastern Kansas, 
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;s of the Northern Great Plains before the days of cattle and sheep 
1870 by the Hayden Expedition in Natrona County, Wyoming. ( U.S. 


burned the foliage of trees so that leaves crumbled to powder at 
the touch of a hand. 

The first step in the production of hot winds is the failure of 
rains and the absence of cloudiness. Hot winds are therefore 
merely one manifestation of tlie conditions which cause droughts 
in the Great Plains. Although these winds are usually from the 
west or southwest, they sometimes come from the north and 
northwest after a spell of unusual heat. Their effects in the Great 
Plains are dependent to a considerable degree on the extent of 
grazing and crop-farming. It is safe to assimie that the prairies 
did not suffer much from droughts prior to extensive settlement. 
(Figs. 15 and 16.) 

The preceding remarks summarize briefly what little precise 
information we have regarding droughts in the United States 
prior to 1886. We have no accurate means of comparing these 
droughts of the past. Some numerical standard is needed, and we 
must have adequate rainfall records. From 1886 to the present 
time we have satisfactory rainfall records in all parts of the 
United States. These records will be discussed in detail. They are 
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presented in the Appendix. They will provide an indication of 
droughts in the years from 1886 to 1945. 

Even with adequate rainfall records, we have difficulties in 
finding a measure of drought. Many writers have attempted to 
establish a numerical indication for comparative purposes. The 
element which immediately suggests itself is the amount of rain- 
fall in a given period of time. Meteorologists have never agreed 
on such a definition. At one time in European Russia a drought 
was defined as a period of ten days with a total rainfall not ex- 
ceeding a fifth of an inch. The U.S. Weather Bureau at one time 
defined a drought as a period of thirty days or more with deficient 
rainfall and not in excess of a fourth of an inch in any twenty-four 
hours. In England an “absolute” drought was defined as a period 
of fourteen consecutive days without a hundredth of an inch on 
any one day and a “partial” drought as a period of more than 
twenty-eight days with rainfall averaging not more than a hun- 
dredth of an inch a day. 


Fig. 16. Overgrazed and wind-blown Nebraska sand hills; the original grass level was 
at tops of htunmocks. (Soil Conservation Service photo) 
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Foity years ago the U.S. Weather Bureau tested the rainfall 
records of twenty places for drought, using as a requirement a 
period of twenty-one days or more with rainfall SO^o or more be- 
low the noimal. More than a tliousand such periods were found; 
the average was more than thirty each year. By the same cri- 
terion the District of Columbia was found to have had sixty-two 
droughts in thirty-three years. During that time there had been 
four instances in the District of Columbia with rainfall less than 
a tenth of the normal for periods of thirty days or more. It might 
have been presumed that at least these four would have repre- 
sented extreme conditions of drought, but this was not true. In 
most of the “drought” cases cited, there had been ample or heavy 
rainfall preceding the dry period, and there was enough soil 
moisture to support vegetation. 

As records have accumulated thi'ough the years, other studies 
have been made in an effort to get a satisfactory definition of 
drought based on rainfall. One such study by Cole^® in Arkansas, 
using a definition of fifteen days with no rain, gave about seventy 
droughts in thirty-three years. The study was based on daily rain- 
fall records at stations in all parts of the State. Some had more 
and some less, but the average was more than two droughts a 
year. Most of them were really not droughts. Any more rigid 
defcition, however, would have eliminated some real droughts. 

Considered from the local point of view, as in the Arkansas 
example, drought records are quite confusing. From year to year 
they seem to occur more or less at random in different parts of 
the country and at different seasons. The rainfall recoiSsteTi^; kept 
on a monthly basis, and a drought beginning in the middle of one 
montli and ending in the niiddle of another month may not be 
shown clearly in the monthly amounts. It is necessary to examine 
the daily records, but the results seem too confusing to justify 
the labor. 

There is always the question of rainfall prior to the di'ought. 
It has happened frequently that a local drought has been pre- 
ceded by rainfall considerably above the average. In other cases 

Cole, H. S., “Droughts in Arkansas.” Monthly Weather Review, 1933. 
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the drought has been preceded by another period of deficient 
rainfall Subnormal soil moisture, high temperatures, strong wind 
movement, and excessive evaporation make a moderate deficiency 
of rainfall more serious tlian a large deficiency under other cir- 
cumstances. 

Iowa, in the summer of 1934, is an excellent example of de- 
ficient soil moisture and high temperatures. It was claimed at the 
time that tiie cutting of trees, the drainage of lakes, ponds, and 
sloughs, and even the drainage of the land by tiles may have pro- 
duced the drought. The same claim had been heard in the sum- 
mer of 1894, which was twice as dry in Iowa as the summer of 
1934. In the former case, the Weather Bureau calculated that if 
all the water in the streams, sloughs, ponds, lakes, etc., in the 
State of Iowa could have been evaporated and precipitated again 
evenly over tlie State the rainfall would have been but one-half 
inch, whereas the deficiency was about six and one-half inches. 
The truth is that the summer of 1934 was not seriously deficient 
in rainfall in Iowa, but the trouble developed because of three 
factors: (1) previous droughts had depleted soil moisture, (2) 
tlie 1934 summer temperatures were very high, and (3) the rain- 
fall was very unevenly distributed. 

Sometimes we scarcely recognize a local drought when we 
it in the rainfall records. When the student of weather records 
begins to make a study of local droughts in the United States 
becomes badly confused. He is confronted with the tremendous 
task of working all the records over again to fit his ideas of what 
a drought really is, or he is obliged to accept data which appear 
to be in a state of disorder so far as his particular problem is 
concerned. For example, the rainfall in the worst drought ever 
experienced in Ohio would be abundant moisture in Utah. (Fig. 
17.) Vegetation in Ohio has adjusted itself to the normal rainfall 
there; that in Utah is dependent on a much smaller amount. It is 
not helpful to use the same measure of drought in both the West 
and the' East. " ■ ' ■ ■ ■ 

From these facts we gather that it is useless to attempt to 
a precise definition of drought. We can say that 'a drought is a 
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Fig/ 17. Tlie rainfall in the worst drought ever recorded in the East seems 
abundant when compared with the average rainfall on the Western Range, 
as shown by rainfall records for Utah and Ohio. (From ‘‘The Western 
Range”) 

period of deficient rainfall which is seriously injurious to vegeta- 
tion” and let it go at that 

It is obvious that we must take a broader view of the problem, 
and for the time being ignore local and short-period variations in 
rainfall. To reduce the problem to as simple a form as possible, 
we can use the rainfall each year for the United States as a whole. 
This average, weighted in accordance with state areas, for 59 
years from 1886 to 1944, inclusive, was 29.1 inches. During this 
time the wettest year for the country as a whole was 1905 with 
32.8 inches, and the driest was 1910 with 24.6 inches. 

Of course, we have no assurance whatever that the records of 
the last sixty years provide a satisfactory index to the intensity 
of droughts which might occur in this country in coming years. 
Neither have we any assurance that the floods in our rivers of 
past years will not be greatly exceeded in coming years. We feel 
sure that there have been profound changes in the climate of this 
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country in past centuries. We have no assurance that these 
changes of the past do not come from the same fundamental 
forces which cause our southwestern desert climate to expand and 
retreat from year to year. 

The rainfall records kept at Washington, D.C., continuously 
since January 1, 1852, illustrate a local phase of the problem. 
During the seventy-eight years from 1852 to 1929 there were four 
years when the August rainfall was less than one inch, or about 
one year in twenty. There were only six years when September 
rainfall was less than one inch or one year in thirteen. Therefore, 
purely on the basis of chance, the likelihood of August and Sep- 
tember each in the same year having less than an inch of rainfall 
was (1929) one in 20 X 13 = 260, or once in 260 years. There 
were twelve years with October rainfall less than one inch, or 
about one year in six. There were eight years with November 
rainfall less than one inch, or about one year in ten. This makes 
the chance of each of the four consecutive months, August, Sep- 
tember, October, and November, in any one year having less than 
one inch of rainfall to be about one in 20 X 13 X 6 X 10 — 15,- 
600, or once in 15,600 years. 

In 1930 the rainfall at Washington, D.C., was as follows: Au- 
gust 0.62, September 0.76, October 0.28 and November 0.79. In 
otlier words, the drought of 1930 at Washington established a 
record that according to the rainfall of the previous 77 years 
would by pure chance have happened once in 15,600 years. For 
these four months the average rainfall at Washington, D.C., was 
about equal to the annual average at El Paso, Texas, and only 
slightly greater than the average at Phoenix, Arizona. There was 
evidently some persistent control which modified the climate 
temporarily. 

As further evidence, we see that for the country as a whole, 
1930 was the third driest year in the 59 years from 1886 to 1944. 
Furthermore, the same four months (August to November) in 
1929 were the driest of record in parts of the Pacific Coast States, 
At San Francisco in 1929 the rain gages set a new low record for 
these four months. It is evident that this was a widespread and 
persistent deficiency of rainfall which culminated in a record- 
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Fig. 18 . Scenes in the “dustbowr' of the thirties. ( U.S. Weather Bureau 
photos ) 
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breaking drought at Washington in late summer and autumn of 
1930. This drought was a forerunner of the great drought of the 
middle thirties which produced the “dustbowl.” (Fig. 18.) 

After we had accumulated twenty or thirty years of good 
weather records in the United States, a number of investigators 
became engaged hopefully in the task of finding the basic cause 
of what they called “secular variations in rainfall,” but tire search 
proved to be fruitless. They thought tliat if the cause could not 
be clearly established, they might find a dependable cycle or com- 
bination of cycles; but they found none. This and other failures 
led to the conclusion that climatic variations require no influences 
outside the atmosphere itself. In other words, it was thought that 
the daily and seasonal changes plus inequalities such as are 
caused by land and ocean surfaces are sufficient to account for 
all climatic variations, thus reducing the problem to one of deal- 
ing with purely random occurrences. Chance is all that is left if 
we eliminate variations in the sun as the primary cause of these 
changes. Still, scientists have calculated that if the energy of the 
sun should be eliminated, the atmosphere would come to com- 
plete rest with respect to the earth’s surface in about ten days. 
Certainly we must look closely for effects owing to variation of 
solar radiation. 
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WWI/WWV 

Hot winds and dust storms are natural accompaniments of 
drought. The same basic controls which deprive us of rainfall also 
cause important changes in the circulation of the atmosphere. The 
heat and dryness of the air are caused not only by absence of 
cloudiness and failure of rain but also to a large extent by air 
from other than the noimal sources. It is all a part of the same 
picture. 

Dust and sand storms are not new in the United States. There 
has been a long series of them. In the years from 1930 to 1939 the 
nation became dust conscious because of the excessive wind 
erosion in the Great Plains and the large quantities of dust which 
were carried to nearly all parts of the East. Many people won- 
dered where it would end, and whether or not there had been a 
change of climate. As is usual in such cases the answer came in 
a convincing fashion. There was increasing rainfall after the end 
of the decade; and for the nation as a whole, 1941 was the third 
wettest year in the entire period from 1886 to 1944. 

Dust and sand stoims are common in many parts of the world, 
chiefly in deserts and surrounding regions. Spectacular dust and 
sand storms are frequent in the vast desert regions of Africa and 
Asia. One is the Egyptian "liaboob,” which is a local storm carry- 
ing enormous amounts of dust. Masses of dust and sand several 
thousand feet high on a front ten to twenty miles wide sweep 
along at a speed of thirty miles an hour. In some cases there is a 
whirlwind pillar of sand which moves along with great speed. 
This is called a " zoboa.” 

Dust-laden winds are given special names in various parts of 
the world. The "sirocco” blows from the deserts of northern Africa 
into the Mediterranean area. It is hot, dry, and heavy with dust, 
but it becomes moist before reaching Malta, Italy, and the Adri- 
atic. The ""khamsin” is a similar wind in Egypt and the Red Sea. 
The ""simoon” is a stifling, hot, dusty wind of the Arabian desert. It 
penetrates Palestine and Syria. The "shamal” is the same thing in 
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Mesopotamia. In Australia a hot, diy, dusty wind from the arid 
interior is called a “brick-fielder.” In West Africa this kind of wind 
is known as the “harmattan” or “doctor.” It blows great quantities 
of dust out over the ocean and sometimes impedes navigation in 
coastal waters. 

There are special winds of this kind in the United States. One 
example is the “Palouser,” which is a dusty wind in parts of Wash- 
ington, Oregon, and Idaho. It is the despair of housewives in the 
cities and towns of the area. In addition to the dry dust there is 
sometimes light rain with the dust, leaving a muddy smear. These 
dust storms originate in the desert regions of eastern Washington 
and adjacent areas. They are called “Palousers” because the dust 
travels over the Palouse region of northern Idaho, eastern Wash- 
ington, and northeastern Oregon. The aridity is due to the shelter- 
ing effect of the mountains. This is illustrated by the fact that 
Hanford in south-central Washington east of the coast range has 
a mean annual rainfall of only 6 inches while at Wynochee Oxbow, 
exposed to the winds from the ocean at the foothills of the south- 
ern Olympic Mountains in western Washington, the annual 
amount is 146 inches. In the arid regions east of the mountains 
there are frequent dust storms. 

Even better known than the “Palouser” is the “Santa Ana” wind 
of California. It is felt as a gale, sometimes with much dust, in the 
coastal waters near Los Angeles. This is a wind of the cold season, 
caused by the accumulation of cold air over the desert areas of 
Utah and Nevada. As it descends to lower elevations its tempera- 
ture rises and it becomes drier, as do all winds descending moun- 
tain slopes. Santa Ana winds sometimes burst across the coast line 
with great force. 

Between 1930 and 1939 the Great Plains suffered a series of dry 
years with bad soil conditions. Crop farming in many areas which 
are more suitable for grazing may have been a principal cause. 
The re.sultant dust storms were the worst in the history of the 
country. They came to be known as “dusters” or in their worst 
form as “black blizzards.” Strong west and southwest winds, and 
sometimes dry northwest and north winds, which produce dusters 
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and black blizzards, arise from the same causes as the well known 
''hot winds of the plains/' Whether we have winds without dust 
or dusters and black blizzards is mainly determined by the condi- 
tion of the soil. 

As in the case of the droughts, the dust storms of the thirties 
were first felt seriously along the Pacific. The great drought of 
1930 was preceded by an unprecedented drought in the Pacific 
coastal region in the autumn of 1929. The dust storms of the Great 
Plains were preceded by an extraordinary dust storm in Wash- 
ington and Oregon (Fig. 19). There was a dry spell which was 
followed on April 21 to 24, 1931, by very strong northeasterly 
winds across both states. Dust was blown from the arid parts of 
the interior toward the southwest. 

In this case a dust cloud of great magnitude blew over parts of 
Washington and Oregon and out over the Pacific Ocean. The 
force of the wind caused damage to buildings and blew many 
trees down. Forest and brush fires broke out, owing to wind and 
low humidity. The dust was so thick over the nearby Pacific that 
vessels at sea had the same diflBcuIties as in a dense fog. 

In the Great Plains region the first great dust storm of the 
drought years occurred in November 1933.^"^ In this case dust was 
carried as far as New York. Soon millions of acres were affected. 
(Fig. 20.) The Great Plains, already dry, suffered terribly during 
the national drought year of 1934. In March of that year, dust was 
carried to the Atlantic Coast. Great dust storms in May 1934 
aroused national anxiety. 

Occupation of the Great Plains for agriculture began about 
1885. The settlers made a livelihood by crop farming during three 
or four years of fairly good rainfall. Then there were three lean 
years and the great drought of 1894 brought complete crop failure 
and disaster. As many as 90 per cent of the settlers abandoned 
their farms in some areas. 

In the big drought of the nineties there was a great deal of dust. 
The following are notes selected from the official records of the 

Miller, Eric R., 'The Dustfall of November 12-18, 1933.” Monthly 
Weather Review^ 1934. 

46 





Fig. 19. Damage to orchards and buildings in the great dust storm in the Pacific Northwest 
in April 1931. (U.S. Weather Bureau photos) 



Fig» 20. Dust accumulation around farm buildings and farm macbix 
western Plains in dust storms of 1986. (U.S, Weatlier Bureau photos) 
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Weather Bureau in the early nineties at Dodge City in south- 
western Kansas: 

“April 8, 1890: At 10 a.m. the dust in the air was so dense that 
objects could not be distinguished 100 yards off. No one who 
could possibly remain indoors was on the street. 

“August 13, 1892: The wind raised such a cloud of dust that it 
was impossible to see over 150 feet ahead. 

April 6, 1893: The dust was blinding and was deposited so 
thickly on office furniture that everything looked as though 
it were covered by a layer of dirt prepared for a hot-bed.” 

In the years following the drought of the nineties, there was 
more rainfall. Grama-buffalo sod replaced the bare fields, and the 
plains healed. Tlien came World War I and high prices. Crop 
fanning was resumed on a large scale, and tractors and other 
labor-saving machines were inti-oduced. Grain farming had spread 
widely by the end of the wet years from 1905 to 1915. 

Drier years came. It grew steadily wanner with few reversals. 
These were the warmest years an the history of the Great Plains. 
Drought seemed to be chronic. Wells were dug deeper and deeper 
until there were cases whete it took a gallon of gasoline for power 
to pump a gallon of water. The subsoff moisture was depleted to 
a great depth. 

The desert seemed to be spreading into the Plains. (Fig. 21.) 
By 1935 top soil was blowing in tremendous quantities. At inter- 
vals there were winds of high velocity with spiraling masses of 
powdery dust. As time went on the dust, which was coarse in the 
beginning, was blown again and again and became exceedingly 
fine. 

Dust drifted into feed stacks and covered the pastures. In some 
places, hvestock died from starvation and suffocation. Wet blank- 
ets were placed over doors and windows. People covered their 
faces with wet cloths. Static electricity rendered automobile igni- 
tion systems useless. Motorists were stranded until the blows 
ceased temporarily, and tlien the ignition systems worked again. 
Many dragged chains to dissipate , the electricity. Ranch homes 
were deserted. Drifts piled up and' stopped trains and automo- 
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biles. Planes were grounded. Driving sand removed paint from 
automobiles and pitted windshields. During some of the storms, 
artificial light was needed at noon. Business was suspended. In 
some cases it was so dark from dust that pedestrians collided in 
the streets. 

These conditions occurred at intervals for several years. At the 
end of March 1936 there was snow and in some places flurries of 
rain with the dust. There were mud showers, and muddy snow in 
the? form of balls fell in north-central Colorado. 


Fig 21 View from airplane looking westward at the beginning of a dust storm over the 
prairie lands east of Denver. Just below the middle of the picture strong northerly i^mds 
sxe removing top soil from the prairie. In the background the dust is earned by 
southerly air currents aloft, capping the mountain range and rising to an elevation of 
16.000 feet. Some of tins dust was carried to the Atlantic seaboard. (U.S. Weather 
Bureau photo ) 
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Fig. 22. Above. Grasshopper damage to com. Frequently all the stalks in large fields 
are eaten to the ground. (Bureau of Entomology and Plant Quarantine photo). Below. 
Grasshopper damage in millions of dollars from 1934 to 1938. (J. R. Parker) 
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fanneis through yeais of distress have complete confidence in the 
ability of the land to come back. They know that basically it is 
a p-oblem of weather. For them the only serious question is, when 
will the rain come? And when it does come, the land seems to 
spring to life again. 

There is astonishing evidence on this point. On the west coast of 
South America there is a cold ocean current along shore, and there 
is noimally a desert in the coastal area of Peru. At intervals of 
several years, the cold current weakens or is replaced by a 
wanner current from the direction of the equator. When this 
happens there are heavy rains which soak the Peruvian desert. 
Within a few weeks the whole country is covered by abundant 
pastuie. Cotton can be grown in places where vegetation is impos- 
sible in other years. The desert becomes a garden. W^eeds of many 
kinds grow rapidly. After the rains cease, the grass on the desert 
withers, but it forms a natural hay which affords goat pasturage 
for a year or two. Cases of tlris kind give strong proof of the recu- 
perative powers of the land. 

On the other hand, there is little doubt that continued over- 
stocking of the ranges and the farming of lands unsuitable for 
cultivation result in some permanent injury. The density of vege- 
tation may be seriously reduced. Grasses make remarkable growth 
when the rains come again, but the stands are thinner and it takes 
three to five years for reasonably good recovery. Soil erosion may 
leave permanent scars. Each severe drought removes a large 
acreage from profitable production for a temporary period, tend- 
ing to increase stocking of the remaining lands. But these prob- 
lems of land use do not directly concern us here. If we can 
answer the drought question, all the other questions will assume 
proper proportions. 
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All of the moisture for rain and snow on the land surfaces of 
the world comes originally from the oceans. The restless winds of 
the earth’s thin envelope of atmosphere sweep over vast stretches 
of ocean surfaces. By evaporation, warm ocean waters yield great 
quantities of moisture to the atmosphere. Cooler waters yield less 
in proportion, especially when tire water is cooler than the air 
above it. We are vitally concerned with the distribution of this 
moisture. Man’s existence on the continents depends on the action 
of the atmosphere in carrying moisture from the oceans to the 
continents. The complicated mechanism is not altogether satisfac- 
tory from man’s point of view.^“ Vast land areas receive very little 
rain or none at all. 

The sun is the power behind the world’s rainfall machine. As 
seen from the sun, the earth is a mere speck more than ninety 
million miles away. The earth intercepts only an infinitesimal part 
of the energy which the sun broadcasts into space, but tliis infini- 
tesimal amount is enough to power our great rainfall machine. 
The sun heats the continents more in summer than in winter The 
oceans change temperature more slowly than the continents. 
There is nearly always a powerful temperature contrast between 
the hemispheres, between the oceans and continents, and bet^veen 
the tropics and poles. This keeps the atmosphere in motion and 
brings moisture to the interior of the continents. 

The earth turns on its axis, and we have changes of temperature 
between day and night. The eartli, with its axis at a slant, moves 
around the sun and so we have the seasons, as first one hemisphere 
and then the other is turned toward the sun. The earth’s orbit is 

The causes of individual rains involve much detail in the study of 
storms; aii* masses, and fronts shown on daily weather maps. These are not 
of a time scale appropriate to this discussion of drought. For a treatment of 
daily conditions, there are standard works on s}aioptic meteorology; for 
example, Byers, H. R., General Meteorology; Petterssen, S,, Weather Anahjsis 
and Forecasting; and Weightmaii, R. H., Forecasting from Synoptic Weather 
Charts. 
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not circular, and in the Northern Hemisphere we are nearer to 
the sun in winter than in summer. All these changes tend to pjo- 
duce a great variety in the sweep of moist winds from ocean :§> 
continent and back again. These seasonal changes increase the 
efficiency of the worlds rainfall machine so that it scatters the 
moisture instead of dumping it all in a few places. 

The rains and snows which fall on the continents are scattered 
again by other processes. Vegetation returns moisture to the air 
and it is scattered again. Rain and snow in the mountains supply 
water for the streams that flow to the plains and finally to the sea. 
The housewife’s washing dries and gives moisture to the air. Lakes 
and rivers contribute by evaporation. We breathe moisture into 
the air. It is scattered again. Much of the moisture in the air is 
second-hand. It comes from the oceans originally, but is evapo- 
rated again from other sources. 

Originally there are great inequalities in evaporation. The 
Southern Hemisphere is mostly water while the Northern Hemi- 
sphere has large continents. There are vastly greater amounts of 
original evaporation in the Southern Hemisphere than in the 
Northern. What happens as a result of this inequality in the two 
hemispheres is not altogether clear. The explanation in part is as 
follows: In our summer the heat equator extends into the North- 
ern Hemisphere. Moisture is carried northward across the geo- 
graphical equator. Some is used in the torrential rains of the 
hurricanes, typhoons, and other storms of our hemisphere. Vast 
quantities come northward across the equator in the Indian Ocean 
to pour on the high lands of India and Burma. Some of the moist 
winds blow over hot desert regions and finally come out again 
to deposit their moisture in some northern region. Vast air streams 
bring moisture across tlie equator, through the East Indies, and to 
the populous lands of China, where hundreds of millions of people 
await the summer monsoon rains. 

In all parts of the earth where mountains block the movement 
of moist winds, there are great amounts of rain or snow. Glaciers 
and snows and lakes and streams in the mountainous areas of the 
world represent a vast rain reserve tp provide for the future. Still, 
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Q the mountainous areas of the world represent a vast rain reserve to provide 
! of Canada photo ) ^ 




rain is not scattered far enough or regularly enough to prevent 
the occurrence of deserts and large scale droughts. 

The energy from the sun which strikes any portion of the earth’s 
surface varies from day to night and from season to season as the 
earth turns on its axis and revolves about the sun. But these 
changes are regular and predictable. If they were the only factors, 
we could analyze the waves of the atmosphere that move and are 
reflected around the earth and predict Ae weather for years to 
come. Local factors have some effect, of course, but they could be 
taken into account. There is, however, another important varia- 
tion, imperceptible except to delicate instruments but with vast 
effects on climate and weather. This is the variation in the actual 
heat of the sun.^® We shall see how the sun s variations correspond 
with the expansion and contraction of deserts and the occurrence 
of droughts. 

The earth s rain machine has two jobs. It must draw the moist 
winds from the oceans to the continents, and it must take the 
moisture out of the air while it is passing over the continents. Vast 
quantities of moist air could pass over the continents and back 
to sea again without producing rainfall unless there were a mech- 
anism for causing the moisture to condense and fall as rain, snow, 
hail, or some other form of precipitation. Droughts can and do 
develop while moist air is flowing across the land. In fact, most 
of the deserts of the earth are swept by winds which contain a 
•great deal of moisture, but it is seldom precipitated there. 

Within an equal volume, warm air can contain a larger amount 
of moisture than cool air. (Fig. 29.) Rain falls because the tem- 
perature of hot moist air is lowered and it is forced to give up 
some of its moisture in condensation and precipitation. Cooling 
the air for precipitation is an important part of the problem. 
Sometimes it is necessary for air to travel great distances along 
the earth’s surface before it is cooled enough to produce conden- 
sation and rain. In summer, the warm moist winds from the Gulf 

Tlie sun is a star and, for all its power, it is actually almost the smallest 
and faintest of all the stars visible to the naked eye. If its variations were 
great, the changes in weather would overwhelm us. 
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Fig. 24. Heavy rain clouds over Mount Shasta, California, August 1935, before excessive 
rain that destroyed Southern Pacific Railway track. (L. PL Daingerfieid photo) 

of Mexico might travel to Canada and find it as warm there as in 
Texas or Louisiana., 

A comparatively warm layer of atmosphere co\’ers the surface 
of the earth, but only a few miles up the atmosphere is very cold. 

If some means is available to push the warm moist air of the 
lower altitudes up into the cold region, the moisture will con- 
dense and precipitation will occur. When warm, moist winds come 
to a mountain range and are cooled as they are forced up over it, 
heavy rain or snow is likely to fall on the slopes of the mountains 
facing the wind. (Fig. 24.) On the other side of the mountains 
there is little or no rain or snow. The heaviest rains in tire world 
fall on mountain slopes facing winds which blow from the oceans. 
There are more than 400 inches (nearly four feet) of rainfall on 
favorable slopes in Burma in one year. As much falls on Mt. 
Wailaieale in the liawaiian Islands. The hea^iest rains in North 
America fall on the slopes of the coast range facing the winds 
from the Pacific blowing into Oregon, Washington, British Colum- 
bia and southern Alaska. 




WHAT MAKES 11 RAIN? 

A mountain of cold air can be as effective in causing rainfall as 
a mountain of rock. (Fig. 25.) But a mountain of cold air can 
move around so that all the rain that is taken out of the air does 
not have to fall in one place. When a mass of cold air comes down 
from Canada and warm moist air from the Gulf of Mexico or the 
Atlantic Ocean is forced up over the cold air^ there is cooling, 
condensation, and precipitation. As the mountain of cold air 
moves farther to the south or east, the wann moist air is forced 
upward in new places and thus the rain is scattered. 

When air is heated locally it may be forced upward by sur- 
rounding air which is more dense, and a local thunderstorm may 
develop. (Fig. 26.) In the hot season, local thundershowers some- 
times bring enough rain to break a drought. At otlier times local 
showers are widely scattered and the drought may be spotty. In 
any case, there are few places in the United States where the 
rainfall from purely local showers affords dependable moisture for 
crop farming. Cool masses of air must 'be present occasionally, at 
least, to force the warm moist air upward in large enough quan- 
tities to produce the rain we need. 

As long as air is becoming warmer and drier instead of colder, 
no lain falls. Sometimes in spring or summer plenty of wann moist 
air from the oceans blows inland, but the continent is warmer and 
the moist air gets warmer instead of colder, and no rain falls. If 
there is no mass of cold air in its path iii the United States, warm 
moist winds may blow across the country and curve into eastern 
Canada before the air is forced upward over cold air to make rain. 
In such cases there are sunny days, sometimes getting wanner 
and warmer. Day after day the exasperated midwestern farmer 
sees fleecy clouds pass over, sometimes with heat lightning on the 
horizon in the early evening, and no rain falls. (Fig. 27.) 

One of the causes of failure of the rains in the Great Plains is 
the rotation of the earth. In the Northern Hemisphere every wind 
that blows over the earth^s surface is turned to the right. Warm 
moist air may start moving from the Gulf or Atlantic toward the 
heated plains. It may even be directed toward the foothills of the 
Rockies, but the rotation of the earth deflects the moist air stream 
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Fig. 26. Above. Local thundershower over New Mexico. Below. Same about thirty 
minutes later, showing shower at lower left. (R. E. Curtis photos) 



Fig, 27. Day after day there are flat, fleecy clouds of fair weatlier in the middle of the 
day, and the drought continues. (L. W. Humphreys photo) 


eastward and it flows up the Mississippi Valley, over the Lake 
Region, and out to eastern Canada. 

Thus there may be two kinds of droughts. The first occurs dur- 
ing periods when very little moist air comes into the continent. 
This is likely to happen in the winter season when the continent is 
much colder than the oceans and the winds blow outward from 
the continent. The second occurs more often in summer when the 
continent is very wann and the ocean is relatively cooler. Plenty 
of moist air flows into the continent, but it passes over and out to 
the ocean again, skipping around some areas and yielding little 
or no rainfall in the areas over which it passes. There are no 
masses of cool air to force the moist air upward to cause conden- 
sation and rain. Local heat showers occur here and there but the 
rainfall is small and widely scattered. It does not relieve the 
drought except in a few places. 
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WHAT MAKES IT RAIN? 

In the Pacific Coast States, except in the mountains, it is dry 
every summer. The land is wann and the Pacific Ocean is not so 
warm. The air gets warmer as it blows inland instead of cooler. 
There are few local thundershowers or none at all. In winter the 
land is cold in Pacific Coast States, and the ocean is relatively 
warm. There is plenty of rain because the moist air gets cooler as 
it blows inland. 

When this Pacific air blows inland and comes to the mountains 
it is forced upward and cooled. Much rain falls. As it passes over 
the mountains and starts down on the east side it gets warmer 
instead of colder and no rain falls. If it comes to a higher moun- 
tain range, there will be rain again but at a higher elevation. 
(Fig. 28. ) Most of the moisture is taken out of the air on the west 
slopes of the mountains. No rain of consequence comes to the 
Great Plains, Central Valleys, and the eastern and southern part 
of the United States directly from Pacific air because it is robbed 
of its moisture in passing over the great mountain barrier. The 
moisture in this area must come from the Atlantic and Gulf. 

But if we were empowered to rearrange the mountains in the 
western part of North America, we scarcely could improve on the 
plan adopted by nature. We would terrace them with the lowest 
elevations to the west and with increasingly high terraces toward 
the east so that each succeeding terrace would get rain at higher 
levels from the prevailing westerly winds. Finally, from our high- 
est terrace we would drop abruptly to the plains so that the eddies 
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Fig. 28. Air moving from the Pacific Ocean eastward across the mountains near the 39th 
parallel is forced upward and as a result precipitation maintains forests on the Coast 
Ranges at an elevation of 2,500 feet. With further upward movement to the top of the 
Sierra Nevada at 8,500 feet, precipitation maintains forests on west slopes and on ridges, 
but on descent beyond into the Great Basin the air becomes dry. Farther eastward the 
Wasatch Mountains catch enough precipitation to support forests, and the Rockies in 
turn cause precipitation up to the timber line at 11,000 feet. On the east slopes of the 
Rockies the east and southeast winds from the Atlantic and Gulf bring precipitation. 
The mean annual precipitation in inches is shown across the top of the diagram. (After 
Raphael Zon) 
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Fig. 29. Water vapor content of air. See explanation on opposite page. 
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WHAT MAKES IT EAIN? • 

to the eastward of the mountains would draw moisture from the 
east and south. The mountains as we find them are terraced 
roughly in this manner. 

There are years when the warm moist winds from the Gulf of 
Mexico and Atlantic Ocean blow inland to the very foothills of 
f u air masses get in the way and plenty of rain 

tails. The Great Plains and the prairie and range country in 
general have a wet year. At other times the moist air fails to reach 
the Great Plains. It is turned by the rotation of the earth and 
passes off to the northeast. At still other times the warm air is so 
directed that it reaches the Great Plains in spite of earth rotation 
but It gets warmer and warmer. No cold air intervenes and there 
is no rain or only scattered showers. 

^Vliat controls are at work to produce these different results in 
different years? We hesitate to accept the idea that this happens 

— quantity of rainfall that can be obtained by cooling 
is illustated by the diagrams in Figure 29. A cubic foot of air subject to 
three ^different temperatures (Section A in Figure 29) shows that at O^F 
only ,2 ^am of invisible water vapor can exist in a cubic foot, but if the 
temperatoe rises to 40°F ., 3 grains of invisible water vapor can exist in that 
same cubic foot and at 80» F. there can be 11 grainLf LSe wlr 
vapor in the same space. If any of these cubes are cooled appreciably the 
water vapor is condensed out as visible water particles. If the 80“ cube is 

3 grams and 8 grains of water vapor wiH be condensed. Cooling is the main 
occm inltor “'I precipitation (fog, rain,^now, eta) 

In Section B of Figure 29 we have die same cubic foot samples except that 
thj now represent drier conditions; that is, they do not contain all the water 
vapor possible at those temperatures. The cube on the extreme left has only 

*at could be 

present (comparmg with the same cube in Section A). The middle cube in 
M ^ frain of water vapor as compared with 3 grains 

tiat could be present or only 17*. The same reasoning shows that the cube 

In Section B if the temperature of the 80° cube is reduced to 40° the 
water vapor content will be reduced from 10 grains to 3 grains (see middle 

40°°oubl^-^^S°”r'^ condensed. If the 

(Se. to S.S "P” 


« WHAT MAJECES IT BAIN? 

on such a large scale just by chance. There must be a good reason, 
and the forces that control the movements of these vast air masses 

must be powerful ones. i i i-i at 

In the preceding pages we have presented the problem. Next 

we shall look at the records and try to find the answer. 
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VI. WHY DOESN’T IT RAIN? 
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The struggle of vegetation to find adjustment to the rainfall of 
the world has been going on for ages. Year after year the drought- 
resistant vegetation creeps forward with the advance of the rains, 
slowly building a protective covering over the prairies and ranges. 
Then comes a change in weather and it recedes. Hot dry winds 
and rainless cold winds prevail for a time, and the vegetation be- 
comes diinned and loses ground year by year. In the dry intervals 
the soil is blown by hot winds. 

The effect on vegetation is not altogether a question of rainfall. 
Temperature is an important factor in determining the amount of 
moisture needed for vegetation to flourish. In hot climates much 
of the rainfall is evaporated, and in cold climates less. There are 
other factors, such as the proportion of the rainfall that runs off 
without penetrating the soil. In classifying climates it is very 
difficult to get a proper measure of each of these several factors, 
so it is customary to use the vegetation itself as an indication of 
the effectiveness of precipitation.^^ The normal distribution of 
climatic types in the United States determined by the effectiveness 
of precipitation evaluated in terms of temperature is shown in 
Figure 30. 

Figure 31 shows the percentage of normal rainfall by states in 
a very wet year ( 1915 ) and in a great drought year ( 1934 ) . While 
these years represent extremes on a national scale, there were 
several states with above-normal rainfall in 1934 and several with 
below-normal rainfall in 1915. The differences in climatic types 
for these two years (Fig. 8) show mainly a great expansion of 
arid climate in 1934 as compared with 1915, while the humid 
climatic subdivisions as a whole were reduced in area in 1984. 

Figures 32 and 33 show the average rainfall in the ten driest 
and ten wettest years in the forty-year period from 1899 to 1938. In 

The classification mentioned here is C. W. Thornthwaite's as described 
in the Atlas of Climatic Types in the United States, 1930-19S9. Washing- 
ton, 1941. 
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Fig. 30. Generalized nonnal distribution of the principal climatic types in the United 
^ States. See also Figure 7. (Thomthwaite) 

these maps and in Figures 7 and SO we see rainfall lines and 
climatic boundaries tending to run north and south, with some 
irregularities. In each case the climate becomes less humid as we 
proceed from the Atlantic west\vard to the Rockies and also from 
the middle and northern Pacific Coast eastward into the moun- 
tains. The influences of the Atlantic and Pacific as sources of 
moisture are clearly evident. 

When we draw lines (isohyets) through places having equal 
rainfall as in Figures 32 and S3 we see that in the ten wettest 
years and the ten driest years the lines show about the same pat- 
tern. In maps of this type we could change from wet years to dry 
years by merely changing the figures at the ends of the lines and 
the generalized picture would not be far wrong. The important 
point is that when we have a dry year the rainfall for the country 
as a whole diminishes and the lines of equal rainfall east of the 
Rockies remain in about tlie same pattern but move toward the 
Atlantic. For example, in Figure 33 the, line ,„£or 30,JBches runs 
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from nortliwestern Minnesota to southwestern Texas while in 
Figure 32 the line for 15 inches is in approximately the same 
position. 

Though this pattern causes us to suspect on first examination 
that the condition of the oceans has a great deal to do with 
deficient rainfall in the dry years, it is not clear at once just how 
the deficiency is brought about. Did less water vapor come into 
the continent in the dry years or did it come in as usual and fail 
to be precipitated? The usual method of seeking to find the 
causes of general droughts and floods is to study daily weather 
maps to see why it rained or failed to rain in each situation and 
then attempt to generalize on these several cases. But the rainfall 
for a year is made up of seasonal changes which introduce com- 
plications. There are several maps each day, and for a year the 
number of maps runs into the himdreds. This method has failed 
to reveal the basic controls which determine that the year as a 
whole will be persistently dry. 

There is another fundamental objection to the method of study- 
ing droughts by using daily weather maps. It is not practicable to 
project our findings into the future. To do this, it would be neces- 
sary to have in mind a similar series of weather situations and 
daily maps for the coming year and attempt the bewildering and 
nearly impossible job of computing or estimating the effects of 
these combinations of daily weather situations on the weather of 
the coming year as a whole. 

We shall deal with annual amounts of rainfall averaged for the 
United States as a whole and see if the causes of deficient rainfall 
can be detennined on that basis. Later we shall consider monthly 
and seasonal averages if the results of our studies of annual 
amounts warrant it. 

There is always plenty of moisture in our atmosphere and a 
certain amount of it is sure to fall to the earth as rain. But there 
are times when it persists in falling in what we consider to be the 
wrong place. For example, in some bad drought years the mois- 
ture skips the plains and is carried over to eastern Canada. In the 
yeais from 1886 to 1930 the five worst national drought years were 
1910, 1917, 1924, 1925, and 1930. In the same period the five 
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wettest years in the United States were 1905, 1906, 1915, 1919 and 
1927. In these five dry years in the United States, Montreal aver- 
aged 42:11 inches and St. Louis 30.86 inches. In these five wet 
years in the United States, Montreal averaged 38.90 inches and 
St. Louis 42.99 inches. In other words, in wet years in the United 
States, St. Louis had 4.09 inches more than Montreal and in dry 
years St. Louis had 11.25 inches less than Montreal. It appears 
that the moisture that might have fallen at St. Louis in the dry 
years was carried up into Canada before it became suflSciently 
cool to precipitate. In our wet years enough moisture was re- 
moved from the air in the United States so that Canada had a 
decrease in rainfall. 

At North Platte in western Nebraska the comparison of rainfall 
amounts tells the same story. There was a difference of 13.31 
inches between North Platte and Montreal. North Platte has an 
average annual rainfall of only 18.57 inches, hence this swing 
of more than thirteen inches between Montreal and western 
Nebraska can be the difference between prosperity and disaster 
in the Great Plains. Of course we cannot prove the case by rain- 
fall records in two or three localities, but these figures give an 
idea of the magnitude of the swing in the distribution of rainfall 
in the area east of the Rockies. 

As we have seen, the rotation of the earth tends to carry moist 
Atlantic and Gulf air away from the Great Plains. Powerful 
forces are necessary to control these currents in such a way that 
the rains reach the plains in good years in spite of the rotation of 
the earth. On the other hand, we may assume that rain is the 
normal condition and that in the drought years in the Great 
Plains, the rains were diverted by some gigantic atmospheric 
force. What is it and how does it act? 

For the time being, there is no way of finding the answer except 
by running through the year-to-year weather records over and 
over again looking for a clue. We have fifty-nine years of national 
weather records to examine. 

We must always keep in mind that air over the continent 
changes temperature readily from season to season, while over 
the oceans the temperature changes more slowly. The high specific 
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heat of water and its greater mass per unit volume than land are 
important factors. Some of the suns rays are not very efFective in 
heating the ocean. Short rays penetrate the water and some of 
the energy is spent in heating it below the surface. The waters of 
the ocean are constantly being mixed by strong winds, preventing 
the foimation of a shallow layer of wann water at the surface. The 
result is that the heat of the sun must raise the temperature of a 
lot of water before the upper layers of the ocean get much warmer. 

On the other hand, land heats more quickly. It absorbs the sun s 
heat but the rays heat the surface without penetrating very far 
into the earth. Land is a better radiator of heat than is water; 
hence land cools more rapidly. This causes the continents to be 
warmer than the oceans in summer and colder in winter. The 
oceans act as great stabilizers preventing the atmosphere above 
them from changing temperature except very slowly. 

Let us examine the fifty-nine years of national weather records. 
The moist air currents from the Atlantic and Gulf move across the 
United States, swinging back and forth from season to season and 
year to year. High and low pressure systems in endless succession 
cross the country. For a time they move far to the south, then 
along the Canadian border, then the lows go back to the south 
again. The rain areas e^xpand, move, and disappear. There are 
years with deficient rainfall, and the picture changes. Rain comes 
more frequently. In all of this there is a strong suspicion that the 
Atlantic Ocean and the Gulf of Mexico cause local and rather 
brief droughts in eastern and southern United States. Spring 
comes with cool Atlantic waters and rapidly rising temperatures 
over the continent. The moist air from the Atlantic gets warmer 
as it moves inland and there is little or no rain. This sometimes 
makes a brief drought. But the relatively cool Atlantic waters 
along tlie east and south coasts get warmer as the season advances 
and soon there is rain. 

Again, when there is a persistent outflow of air from the conti- 
nent to the ocean, which happens most often in winter, there is 
little rain. But this also is a temporary condition. 

When we consider the big droughts affecting nearly all of the 
country, thei'e is no consistent and dependable indication that 
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Fig. 34. The Pacific high in January and July (pressure in millibars). In 
January the high (H) is small and there is a low over the Aleutians (L) 
and another high ( PI ) over the interior of Canada. In July the Pacific high 
( H ) is expanded and located farther to the northwest. . 

either the Atlantic Ocean or the Gulf of Mexico is responsible. 
Meteorologists have spent a great amount of time for the last 
seventy-five years in a search for the clue in Atlantic and Gulf 
conditions. 

It is important always to notice the pressure of the atmosphere. 
Air has weight. We measure its weight with a barometer. When 
tliere is more air over us, the barometer is higher and when there 
is less air over us the barometer is lower. We write the word 
'‘high” on the weather map in the center of areas where the 
barometer is higher than in surrounding areas, and we write "low” 
in the center of areas where the barometer is lower. In addition to 
the highs and lows which continually appear and move across the 
country and disappear, there are other highs and lows which 
remain from month to month in about the same positions. In the 
latter class we see in the eastern Pacific Ocean a fairly permanent 
ai'ea of high pressure. (Fig. 34.) In winter, when the continent is 
cold and the Pacific relatively warm, this high is small and far to 
the southeast. As summer comes and the continent becomes hot 
and the Pacific is not nearly so warm as the continent, the Pacific 
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high expands and the pressure rises. It extends to the north and 
west; then as winter eomes again the high shrinks back to the 
southeast near the coast of Southern California. 

We notice that in the colder part of the year, when the high is 
small and located in the southeastern part of the ocean near Cali- 
fornia, there is plenty of rain in Pacific Coast States; but in the 
warmest part of the year when tlie high is extended to the north 
and northwest, there is always a drought in Pacific Coast States, 
This change takes place every year. Certainly the Pacific Ocean is 
responsible for winter rains and summer droughts in Pacific Coast 
States. If the Pacific Ocean should change its temperature as 
rapidly as the land, it would be as likely to rain in summer as in 
winter on the Pacific Coast. Clearly it is this resistance of the 
Pacific Ocean to temperature change that causes these rainfall 
variations on the West Coast. 

But can the Pacific Ocean have anything to do with droughts 
in the Great Plains? There is a series of high mountain barriers 
between the Pacific and the Plains which seems to isolate them 
from each other. There is little rain in the Pacific States in sum- 
mer, but there is rain east of the Rocky Mountains. From, the 
weather maps we can easily see that rainfall east of tlie Rockies 
comes from the Atlantic and the Gulf of Mexico. The courses of 
storms and heavy rains are clearly plotted. It seems preposterous 
that the Pacific Ocean should cause droughts east of the Rockies. 

There are other arguments to consider. The Pacific Ocean is the 
largest body of water in the world. It dominates our hemisphere, 
lying to the west, and southwest of the United States. Even 
going due south from Key West, Florida, you come eventually to 
the Pacific ofiE South America. Also we know that the prevailing 
atmospheric circulation in our latitudes is from west to east, from 
the Pacific toward the United States. (Fig. 68.) 

Let iis look again at the fifty-nine years of weather records 
(Figs. 35, 41, 43, 48), giving special attention to the Pacific high 
pressure area. A national dry year goes by, and we see that the 
Pacific high is more expanded than usual. Another dry year, and 
the Pacific high is expanded again. In almost every national dry 
year, the Pacific high pressure area is expanded. (Fig. 35.) It 
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Fig. 35. For this diagram, Portland, Oregon, is used as a key point in the 
Pacific Northwest. When the Pacific high expands, the pressure increases 
along the coast to the northward (See Figure 38) and when it retreats, the 
pressure on the north coast becomes relatively low. In computing this 
diagram, the 59 years from 1886 to 1944 were first arranged in order of 
the annual station barometer readings at Portland, that is, the year with the 
highest average pressure first, the next highest second, etc., to the lowest, 
last. Running 30-year means of national rainfall and Portland pressure were 
computed for these 59 years arranged in this order. This gives thirty 30-year 
means. The national rainfall is shown at A and Portland pressures at B. The 
pressure scale is reversed because high pressure attends deficient rainfall, and 
vice versa. The pressure values shown by the scale at the left are to be added 
to 29.000 inches, e.g., .910 is 29.910. This shows that the very small variation 
of about .035 inch in pressure is associated with a national rainfall variation 
of about 4%. Scale of years is shown at the top of the diagram. 

occurs too often to be a mere coincidence; surely we should be 
suspicious. 

But the wet winds that bring rain to the Great Plains come from 
the Atlantic and the Gulf of Mexico. Perhaps the Pacific Ocean 
exerts some mysterious control over these winds. Cold winds 
from Canada are necessary to cause rains on the Great Plains; 
perhaps the Pacific exerts control by way of these Canadian 
winds. The subject requires further investigation. We seem to 
have a footprint of the monster which causes droughts. Is the 
Pacific Ocean a monster lurking in our own back yard? 




VII. THE MONSTER IN THE BACK YARD 
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When compared to the great stretch of oceans from the east 
coast of Asia to the west coast of Europe, the continent of North 
America seems to be little more than a large island. The prevail- 
ing west-to-east winds of the Northern Hemisphere sweep across 
this vast sea area, powered by the sun s heat and modified by the 
changing seasonal contrasts between continent and oceans. In its 
broad features, the climate of North America is dominated by the 
influence of the oceans, primarily the Pacific Ocean. This gieat 
body of water resists every widespread change in temperature 
that tends to develop in the United States. The Pacific Ocean has 
a tremendous regulating power over the atmosphere, and in our 
latitude this power is applied to the eastward in the direction of 
the normal circulation of the atmosphere. 

The circulation of the atmosphere results in the development 
of a cold ocean current oflF our Pacific Coast— the California 
Current. The winds over the surface of the oceans north of the 
equator cause a drift of water which in our latitudes is toward the 
north and east in the western and northern parts of the oceans, 
and toward the east and south in the eastern parts of the oceans. 
(Fig. 36.) Off tire Pacific Coast of the United States the surface 
waters of the California Cument move southward along the coast 
During part of the year there is much upwelling or o\-ertnming 
which brings cooler Water from the depths to the surface of the 
ocean. The southward movement brings cooler surface waters 
from higher latitudes, and the stronger current produces low'er 
temperatures. There are many complications, but the final result 
is that the water is relatively cool off our w'est coast. The temper- 
ature of the water seems to vary from year to year depending on 
the strength of ocean winds and the mo\ ements of waters which 
it causes. 

The variation of surface water temperature from winter to 
summer in the open ocean off the w'est coast of the United States 
is less than ten degrees. At San Francisco, the r ariation in air 



wann currents, dotted lines. Arrow heads indicate direction of movement of water. 
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temperatures between mid-winter and mid-summer is about 8 ; 
at Portland, 18°; at San Diego, 14°. In the interior it is larger, for 
example, 26° at Red Bluff, California. These summer-winter dif- 
ferences near the Pacific compare with 47° variation at St. Louis, 
Missouri, and 60° at Bismarck, North Dakota. The temperature at 
San Francisco, especially, shows the regulating effect of the 
Pacific on coastal air temperatures. The temperature varies only 
from 57° in July to 49° in January. 

We know something about the average temperatures of the 
surface waters of the Pacific and the normal changes with the 
seasons, but very little is known about the irregular changes from 
year to year. Temperatures recorded along the coast give some 
indication, but there is a great deal of uncertainty. The direction 
of the wind has an important effect. Cloudiness and rainfall also 
affect the temperature of the surface air. Therefore, in dealing 
with this problem of Pacific Ocean temperatures in relation to 
rainfall in tire United States, we must depend on vague general- 
ities and deductions from temperatures of the ah and water along 
the coast and especially on the pressure of the atmosphere ( barom- 
eter readings) and the changes in wind and rainfall. 

For the most part it is a question of relative temperature. We 
say that the Pacific is warm in the winter and cool in the summer. 
That is true only with respect to the land temperatures. When the 
land gets hot in summer the Pacific remains relath'ely cool, and 
when the land gets cold in winter the Pacific is relatively warm. 
The ocean resists temperature changes. By thermometer measure- 
ments, tire Pacific surface waters off our west coast are about 10° 
cooler in winter than in summer. They only seem wann in winter 
and cool in summer by contrast. (Fig. 37.) 

Let us examine the weather records again. Figure 38 shows the 
average differences of pressure by months between Portland, Ore- 
gon, and San Diego, California. Where the curve is positive, Port- 
land’s pressure is relatively higher; where the curve is negative, 
San Diego’s pressure is higher. Here we see that when the Pacific 
high expands in the warm season, Portland’s pressure becomes 
higher than San Diego’s; and in tlie cold season, when the Pacific 
high shrinks toward the south and east, San Diego’s pressure is 
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Fig. 37. Average temperatures along vs^est coast of North America and North 
Pacific Ocean. Left, in February. Right, in August. 


higher than Portland’s. The pressure at Portland is an indication 
of the development of the Pacific high. 

We shall use as a test the barometer readings at Portland, Ore- 
gon, averaged for the fifty-nine yea^s from 1886 to 1944. (See 
Figure 35. ) These barometer readings represent the average for 
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Fig 38 Normal difference in pressure between Portland and San Diego^by 
months. Positive values show Portland pressure relatively higher than 
San Diego pressure and vice ^'ersa. When the Pacific is relativeiv cool and 
the liigh expands in the warm season, the pressure is relatively higli at 
Portland; and in winter when the Pacific is relatively wami, Portland pressui'e 
is relatively low. 

eacb. y68tr» For example, the average at Poitland for 1888 was 
29.885 inches.^® Since the first two figures are always 29, we shall 
use only the last three ( thousandths of an inch ) . We have also the 
average rainfall for the entire United States for each of tliese years 
from 1886 to 1944. These figures are given in the Appendix by 
months and years. 

The rainfall for the entire United States (including melted 
snow measurements ) is taken from the a%’erages for all the states, 
each being weighted according to the area of the state. (See 
Appendix.) The average for the United States as a whole is about 
29.10 inches of rainfall each year. The wettest year from 1886 to 
1944 was 1905 with 32.79 inches, and the driest was 1910 with 
24.63 inches. At first thought this does not seem to be much of a 
difference; but when the rainfall for the United States as a whole 
falls as low as 25 or 26 inches, it is a veiy serious matter. There 
are large areas that receive barely enough rainfall in good years, 

18 These readings are fully corrected but not reduced to sea level. 
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and a national deficiency of 10% to 15% is sure to mean disaster in 
some areas, especially if it continues for two or three years. 
Kincer^*^ calculated for the drought of 1930 that for the eight 
states-Maryland, Virginia, West Virginia, Kentucky, Ohio, Mis- 
souri, Indiana, and Illinois— which were most afi'ected by the 
drought, the shortage of rainfall was nearly three hundred billion 
tons; and, in general, for each 100-acre farm for the three summer 
months of 1930 alone, the shortage was sixty thousand tons, or an 
average deficiency of nearly seven hundred tons of water a day! 

In Figure 39 on Curve B the national amounts of rainfall for 
each year have been expressed in percentages of the normal For 
example, 1905 had 32.79 inches which was 113% of the normal, and 
1910 had 24.63 which was 85% of the normal. 

The records show that in the five years with the highest barom- 
eter at Portland (1910, 1917, 1924, 1928, 1929) the national rain- 
fall averaged 26.99 inches; in the five years with lowest barometer 
at Portland (1902, 1904, 1915, 1940, 1941) the national rainfall 
averaged 30.56 inches. The persistence of this condition is illus- 
trated by the fact that in the five years succeeding those with 
high barometer at Portland (1911, 1918, 1925, 1929, 1930) the 
national rainfall averaged 28.02 inches; and in the five years 
succeeding those with low barometer at Portland (1903, 1905, 
1916, 1941, and 1942) the national rainfall averaged 30.90 inches. 

On the other hand, in the five years with greatest national rain- 
fall (1905, 1906, 1915, 1919, and 1941) the barometer at Portland 
averaged 29.866; in the five years with least national rainfall 
(1910, 1917, 1930, 1934, and 1939) the barometer at Portland 
averaged 29.918. It was consistently higher in the dry years and 
lower in the wet years. These differences in the barometer read- 
ings seem small, but they are averages for the entire year, and 
even such small variations are extremely important. 

The diagram (Fig. 39) shows at A the average barometer read- 
ing at Portland each year from 1886 to 1944 (smoothed) and at 
B the national rainfall (smoothed). The scale for barometer read- 
ings at A has been reversed because the two generally vary in the 

Kincer, J. B., “The Drought of 1930.” Bulletin of the American Meteoro- 
logical Society. January 1931, 
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Fig. 39. A. Yearly means of barometer readings (station level) at Portland, 
Oregon, in thousandths of an inch over 29 inches, smoothed by formula 

^^ = h'; B- Yearly rainfall for entire United States smoothed in same 

manner. For example, value plotted for 1887 is mean for 1886 and 1887, 
etc. Short bars in middle left and middle right of diagram show where 
barometer was moved to a new location, but all readings were reduced to 
the standard plane of reference. 

opposite sense; that is, high barometer corresponds to low rainfall, 
and vice versa. 

Of course, Portland gives only an indication of Pacific air pres- 
sures, but there seems to be a definite relation between Portland 
barometer readings and national rainfall, at least so far as major 
oscillations are concerned. This is evident in Figures 35, 39, and 
also in Figure 40, which shows average station pressures in the 
very wet decade in the United States, 1906 to 1915, and in the 
very dry decade, 1930 to 1939. In Figure 40 we see below-normal 
pressure in the region extending inland from Portland in the wet 
years, and above-normal pressure extending inland in the region 
near and east of Portland in the dry years. 

We must not depend too much on mere correspondence of two 
series of events like the barometer readings at Portland and 
national rainfall. It is a characteristic of weather data that they 
show such agreements for a period of years, and then the agree- 
ment fails for a period of years, perhaps to come into agreement 
again at a later time. The agreement between Portland pressures 
and national rainfall proves nothing unless we can show what 
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ACCUMULATED DEPARTURE OF STATION PRESSURE 
FROM NORMAL 


Fig. 40. Departure o£ station pressure from normal at selected places in the 
United States in the wet decade (1906-1915) and in the dry decade (1930- 
1939). (Kincer) 



THE MONSTER IN THE BACK YARD 

actually takes place to influence both the national rainfall and the 
Portland pressures. 

One suspicion should be recorded. The North American desert 
is located in southwestern United States and Northwestern Mexico 
where there are relatively cool waters to the westward and where 
temperatures over the land in winter seldom fall low enough to 
make the nearby ocean relatively warm. In the Nortli, however, 
the land becomes cooler than the ocean, and in Oregon, Washing- 
ton, and British Columbia there is much more winter rain than in 
San Diego. 



Fig. 41. Locations of places mentioned frequently in the text. 


At this point it is interesting to note that there is a desert on or 
near the west coast of every continent between 20° and 30° of the 
equator, both north and south, and that every one of these coasts 
has a cold ocean current (Fig. 7) and a high pressure area to the 
westward. 

High pressure goes with low temperatures, and there is now a 
suspicion that a relatively cold Pacific causes our desert areas to 
expand and tends to reduce the rainfall over the nation as a whole. 


THE MONSTER IN THE BACK YARD 

except perhaps in the interior of the Northeast and, as previously 
noted, in eastern Canada as shown by the records at Montreal. 

The records show that in the nine national dry years from 1886 
to 1930 with less than 95% of normal rainfall, our three key Pacific 
cities, Portland, San Francisco, and San Diego, had lower aver- 
age temperatures than in the ten national wet years with rainfall 
more than 105% of normal. This is nothing more than an indica- 
tion, however, for temperatures at places near the coast are 
aflFected by wind direction, cloudiness, rainfall, and other factors. 
Nevertheless we may strongly suspect that the Pacific Ocean is 
the monster in the back yard which seems to control our national 
rainfall, exerting a power that is second only to the sun itself. We 
must now look at the underlying processes by which moist air 
currents and rainfall are controlled. 

2“ The locations of places mentioned in the text are shown in Figure 41. 



VIII. THE DROUGHT 


COMES OVER, THE MOUNTAINS 




There are great mountain ranges extending roughly from north 
to south in the western part of North America, and most of our 
rain falls east of these mountains. Therefore, if the Pacific Ocean 
controls rainfall, it must exercise this control in the upper at- 
mosphere where the air passes over the mountains. 

The atmosphere is a mixture of gases which become more and 
more tenuous with increasing height above sea level. Water va- 
por is one of these gases. Consequently there is much more water 
vapor at low levels than in the high atmosphere. Most of the ac- 
tion which produces rainfall must take place in the lower part of 
the atmosphere where there is plenty of moisture. 

The atmosphere seems deep when we look up into the sky or 
take a trip in an airplane. But in fact more than half of the at- 
mosphere lies below a height of four miles. If the atmosphere at 
aU levels were equal in density to that at sea level, it would be 
only five miles deep. When compared with the breadth of North 
America this is very shallow. We must keep this in mind, because 
most illustrations show the depth of the atmosphere greatly ex- 
aggerated. 

There is no upper surface of the atmosphere as there is of a 
body of water. The air simply gets thinner and tliinner until it is 
almost non-existent at a height of 100 to 150 miles. Meteors and 
auroras show some exceedingly rare atmosphere at heights of 150 
to 500 miles, but this thin upper air may be disregarded in the 
study of drought. 

Even though the atmosphere has no upper surface, it may be 
said to expand or contract with changes in temperature. In sum- 
mer over the continents it is expanded upward with high tempera- 
ture, and in winter it gets cold and shrinks downward. This also 
happens when air moves aci'oss a warn or cold surface. For ex- 
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ample, when air moves long distances over a warm ocean it takes 
on the temperature of the ocean surface. When it leaves the ocean 
and crosses a cold continent in winter, it shrinks to lower levels 
as it becomes colder, and then there is less air at higher levels. 
The reverse occurs when air moves from a cold ocean to a warm 
continent; it expands upward as it passes over tlie warm continent, 
and the amount of air increases at high levels. 

This happens in the case of North America and the Pacific 
Ocean. In winter the air over Canada and Alaska becomes colder 
and more dense and lies nearer to the ground. This leaves less air 
in upper levels over these areas, and we have what we may call a 
''sink.” Over the ocean to the westward the air is warm and ex- 
panded and there is more at high levels than over the land to east- 
ward. We may say that there is up welling over the ocean. The 
air at upper levels over the ocean flows rapidly over the moun- 
tains into the continental sink. It piles in on top of the cold con- 
tinental air, and the total amount of air over Canada and Alaska 
increases while the total amount of air over the ocean to the west- 
ward decreases. This takes place mostly in the north because the 
contrast between ocean and continental temperatures is greater 
in the north. The main sink is over Canada and Alaska, 

The reverse action takes place between Nortli America and the 
Atlantic. In winter the air passing out over the Atlantic becomes 
warmer and piles up at high levels. This reduces the motion of 
air in the upper atmosphere from the continent to the Atlantic. 
If it were water we would say that it has to be forced up hill. The 
prevailing motion of the air aloft is from west to east at all sea- 
sons. In winter air is moving rapidly into the continent in the 
northwest and slowly out of the continent in the northeastc This 
continues until the pressure in Canada is much greater than in 
the United States, and cold air is forced southward into the 
United States. This cold air offers an obstruction to the flow of 
warm moist surface air from the south. The wann air is forced up 
over die cold air, and there is rain or snow in the United States. 
When conditions are favorable, the same process goes on at other 
seasons. It is a question of the relative temperatures of the Pacific, 
the continent, and the Atlantic. This wintertime atmospheric flow 
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at high levels is shown pictorially in the right hand section of 
Figure 42. 

As air flows from the North Pacific to Canada and Alaska, and 
the total amount of air over the northeastern North Pacific be- 
comes less, air flows northeastward and northward from ocean 
areas to the southwest and south and this in turn tends to reduce 


WINTER 


SUMMER 


Fig. 42. Diagrams showing main components of air currents affecting rain- 
fall. Dashed lines represent surface outline of North America; solid lines 
represent upper level in atmosphere. At left, the short arrow A indicates 
slow movement of air into the continent in smnmer; the long arrow B 
indicates rapid movement of air out of the continent to the relatively cool 
Atlantic in summer; and arrow C shows surface air flowing into continent 
to make up for the inequality of components A and B. At right, the long 
arrow A indicates rapid movement of air into the continent in winter; the 
short arrow B indicates slow movement of air out of the continent to the 
Atlantic in winter; and arrow C shows the nortli-to-south mo\’ement fnmi 
Canada to the United States caused by the inequality in components A and B. 


the amount of air over the entire eastern North Pacific. Conse- 
quently, the Pacific ‘‘high” becomes small and is located far to 
the southeast. 

After the accumulated air over Canada has moved down into 
the United States, the difference in pressure is relieved tempo- 
rarily. There is an interval during which the new air over Canada, 
dry and clear from its down-settling from upper levels, is becom- 
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ing cold by radiating its heat. In the meantime warm air is ac- 
cumulating over the nearby Pacific as air arrives from ocean areas 
farther to the south and west. Continental air again sinks to lower 
levels and Pacific air at higher levels again flows down into the 
Alaska-Canada sink. The cold surface develops a sink and the 
warm surface an upwelling. In winter this increases the air pres- 
sure in Alaska and Canada and later in tlie United States and re- 
duces it in the Pacific oflF our West Coast. 

The accumulation of air in the northern continental sink natu- 
rally takes place more frequently in winter than at other seasons. 

• It produces a north-to-south flow of dry cold air in winter from 
Canada into the United States. It appears that these cold air 
masses from Canada are more frequent when the Pacific is rela- 
tively warmer than usual or the continent relatively colder than 
usual in the far north, and the overflow from the Pacific upwell- 
ing across the mountains into the Alaska-Canada sink is more 
rapid than usual. When strongly developed this causes cold waves 
and blizzards in our Middle West sometimes extending to the At- 
lantic and Gulf coasts. 

When the Pacific is not so warm or the continent not so cold, 
the overflow is weak and the north-to-south movements of cold 
air masses from Canada to the United States are not so frequent 
or cease almost altogether. 

In summer, air is moving slowly into the continent in the north- 
west and rapidly out of the continent in the northeast. This causes 
a decrease in pressure over Canada. Warm moist air flows up 
across the United States from the south. This is shown in the left 
hand section of Figure 42. 

It seems clear that when the Pacific is relatively warm at any 
season, and there are frequent movements of cold or cool air from 
Canada to the United States, the rainfall in the United States is 
increased. When the Pacific is relatively cold at any time of year, 
the overflow into the continent is reduced. In this case cold air 
masses moving from Canada are infrequent and rainfall is de. 
ficient. 

These changes in pressure over the Pacific have another very 
important effect. In winter, when the Pacific is relatively warm, 
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pressure along the West Coast is low not only because of the air 
which flows more rapidly into the continent in the far north but 
also because there is a component of surface air movement from 
south to north over the ocean, making the air pressure lower in 
the Southwest. This low pressure in the Southwest causes moist 
Atlantic and Gulf surface air (arrow C in the left part of Figure 
42) to flow far into the Great Plains and the Southern Rockies. 
On the other hand, in summer, when the Pacific is relatively cold, 
air accumulates off the Pacific Coast, and pressure rises in the 
Southwest until some air is forced over the mountains and some 
air is drained from the Mexican plateau. This air becomes dry 
and warm in descending and flows into the Great Plains replacing 
the moist air from the Atlantic and Gulf. These winds from the 
Southwest become the "Trot winds of the plains.'" 

To obtain a measure of this flow over the mountains and out of 
the plateau in the Southwest we can use barometer readings at a 
key point in the area and see the relation to the rainfall. Figure 43 


Fig. 43. Above, May barometer (station Ie\'el) at Santa Fe, New Mexico. 
Inverted scale at left is in thousandths of an inch above 23.000 inches; for 
example, the mean barometer reading entered for May 1930 is the smoothed 
a'4"b 

mean(— b') for 1929 and 1930. Below. National rainfall in per cent of 

normal, smoothed same as upper curve. The obsening station at Santa Fe 
was closed and there is no record after 1941. 
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shows (above) the average barometer readings at Santa Fe, New 
Mexico (elevation 7,013 feet), in the month of May each year 
from 1886 to 1941 and (below) the national rainfall each May 
in the same period. The barometer scale has been inverted be- 
cause pressure and rainfall vary in the opposite sense; that is, 
high barometer means low rainfall and vice versa. Notice that 


Fig. 44. This diagram shows at A SO-year means of May pressure at Santa 
Fe and at B national rainfall in May. The years were arranged in accordance 
with the height of the May barometer in tlie same manner as for annual 
readings in Figure 35. The pressure scale is 23 inches plus thousandths of 
an inch. Here we see that the slight pressure variation of about .060 inch 
is associated with a variation of about 20 per cent in national rainfall. 


rises and falls in the May rainfall curve for the entire^ cobntry 
agree in a large measure with the ups and downs of the barometer 
in May at Santa Fe. The ten high values of the barometer at 
Santa Fe correspond with average national rainfall 11% below 
normal; the ten low values correspond with national rainfall 11% 
above normal. Figure 44 shows 30-year means of pressure at 
Santa Fe and national rainfall in May. 

In May the temperature is rising rapidly over the continent; the 
ocean temperature lags behind. Unusually low ocean tempera- 
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tures at this season produce a strong tendency for the air to come 
over the mountains and out of the plateau in the Southwest. 

We now have another air current which must be added to those 
shown in the diagram in the left part of Figure 42. This gives us 
Figure 45, which includes the air coming from the mountains in 
the Southwest during periods of drought. It is believed that a 
part of this descending air, especially of that from the Mexican 
plateau, comes originally from the Atlantic anticyclone, moving 
in a broad arc southward and westward into Mexico and thence 
into the United States. 



Fig. 45. In droughty weather, the continent is relatively wann and the 
oceans are relatively cool. Air current B is increased; A is decreased. The 
Atlantic and Gulf air C, which comes into the continent at the surface to 
make up for the inequality between components A and B, is turned to the 
eastward by air currents D which come over the mountains and out of the 
Mexican plateau. Little or no air comes from Canada to cause rain. Compare 
with Figure 42. 
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Fxg. 46. For this diagram Kincer used eight points north and eight points 
south of the line across the middle of the map in the upper half of the 
diagram. He averaged the pressure departures and precipitation by decades. 
Differences of average pressure between points north and south of the line 
were used as the gradients. The vtdues used for precipitation are weighted 
averages for tlie country as a whole. Notice that in the long run the years 
with relatively high pressures in the north are wet, and vice versa. 
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Of course, we cannot neglect altogether the effects of Atlantic 
and Gulf temperatures, but so far as control of national rainfall 
is concerned, it appears that they are secondary to the Pacific. 

In 1941, Kincer,®^ who for many years studied rainfall variations 
in the United States, found that more rain falls when pressure is 
relatively high in the northern part of the country (Fig. 46), but 
he did not give any explanation. It seems evident that a relatively 
cold ocean will cause pressure to be high over the North Pacific 
and to be low over the northern United States. Low pressure in 
the northern United States is unfavorable for rain because (1) 
fewer cold air masses come from Canada to cause precipitation 
in the warm moist air, and (2) more frequent winds blow from 
the dry Southwest and divert moist air to the east and northeast. 

In short, the desert in the Southwest is caused by the nearness 
of the relatively cold Pacific. When the temperature difference is 
especially great, the desert climate of our Southwest expands to 
the north and east. The mountain barrier is not a real barrier. 
The rain-causing winds come across in the north, and the drought- 
producing winds come from the mountains in the Southwest. The 
latter effect is especially strong in spring and early summer when 
the continent is becoming rapidly warmer and tlie Pacific remains 
relatively cool. 

In this chapter May records were used to show what happens 
in the warmer season, with rapidly rising temperatures over the 
continent. We shall next look at what happens at the opposite 
season, in November, when temperatures are falling rapidly over 
the continent. 

siKincer, J. B., “Seme Pressure-Precipitation Trend Relations.” Monthly 
Weather Review. August 1941. 


IX. NOVEMBER DROUGHTS 
AND THE G.B.A."^ 

T' HE Great Basin occupies a strategic position on our western 
weather frontier. It lies between the Wasatch Mountains and the 
Sierra Nevada. (Fig. 47.) Most of it is in Utah and Nevada but 
there is a large part in Galifornia. Smaller areas in Oregon, Idaho, 
and Wyoming are included. It is about 800 miles long, north to 
south, and rouglily 500 miles broad in its widest part. The Great 
Basin is important in weather forecasting. There are times when 
cold dry air fills the Basin and it loses its heat rapidly by radia- 
tion, forming a sink. At such times air accumulates in this sink 
and a persistent ''high’’ or anticyclone is likely to develop. This 
anticyclone is associated with the Pacific high when the latter is 
well developed. In other words, when pressure is high over the 
northern North Pacific it is usually high also in the Great Basin. 

Cold air masses moving down from Canada through the North- 
ern Plains, the Upper Mississippi Valley and the Great Lakes do 
not readily pass over into the Great Basin. These cold dense 
Canadian air masses lie near the ground, and the Rocky Moun- 
tains form an effective barrier. The air that crosses from die Pa- 
cific is dried out in passing over the mountains into the Great 
Basin. There is a definite connection between air pressure in the 
Great Basin ( Salt Lake City) and the barometer readings at Port- 
land. Pressure in the G.B.A. is high during periods when the 
Portland barometer is high, and vice versa. Pressure in the Great 
Basin varies with the season. The highest average is in November, 
but it is nearly as high in December and January. The highest 
November pressures are recorded in years when the Pacific high 
is well developed. 

In November the G.B.A. is therefore related to rainfall in the 
United States. It feeds dry air into the Southwest. Sometimes, as 

22 Great Basin Anticyclone. An anticyclone is a "‘high”— a system of out- 
flowing winds at the surface of the earth with high pressure at tlie center of 
the system. 
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we have already seen, it causes Santa Ana winds in the vicinity of 
Los Angeles. To show the effect of the G.B. A. on rainfall. Figure 
48 represents national rainfall in November (B) each year from 
1886 to 1944 and average barometer readings (inverted scale) 
at Salt Lake City (A) in the same months. In the ten years when 
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Fig. 48. Above. November barometer (station level) at Salt Lake City 
(representing the G.B. A.). Inverted scale at left is in thousandths of an inch 
to be added to 25.000, e.g., 650 is 25.650 inches. These are actual values, 
unsmoothed. Below. National November rainfall unsmoothed in percent 
of normal by scale at right. Short bars in middle of diagram indicate years 
when barometer was moved to a new location, but all readings are corrected 
to the elevation in 1900, which was 4,360 feet above sea level. 

the November G.B. A. pressure (at Salt Lake City) was highest, 
the national rainfall averaged 37% below normal; in the ten years 
when pressure in November in the G.B. A. was lowest, the rain- 
fall averaged 20% above normal in the United States. Figure 49 
shows 30-year means of Salt Lake City pressures and national 
rainfall in November. 

The G.B.A. is nearly as well developed in December and Jan- 
uary as in November. Figure 50 illustrates this. In January 1916, 
the national rainfall was the greatest ( 170% ) of any January from 
1886 to 1944. In January 1928 it was the least (53%) for the same 
years. The two charts show the G.B.A. in these two months. In 
1928 the G.B.A. was well developed and high pressure dominated 
the Southwest. In 1916 the high pressure area was in the Northern 
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First, to what extent does the variation in rainfall in the west- 
ei’n states determine the national average? In other words, is this 
variation of national rainfall a reflection of the rainfall in the Far 
West rather than for the whole country? As a partial answer to 
this question, the record shows that in the ten Novembers ( 1886- 
1930) with highest pressure at Salt Lake City, the average rainfall 
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Plains and low pressure covered the Southwest. In January 1928 
the average pressure at Salt Lake City was 25.822; and in Jan- 
uary 1916, it was 25.474. These were the highest and lowest re- 
spectively, for the years from 1886 to 1944. 

The simple relations shown here and in preceding chapters be- 
tween pressures at points in the west (Portland, Santa Fe, and 
Salt Lake City) and the national rainfall bring up three questions: 
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Fig. 49. The diagram shows at A the 30-year means of November pressure 
at Salt Lake City and at B national rainfall in November. The years were 
arranged in accordance witli the height of the Salt Lake City barometer in 
November in the same manner as was done in Figures 35 and 44. The 
pressure scale is 25 inches plus thousandths of an inch. Here we see a 
pressure variation of ,098 inch associated with a variation of about 30 per 
cent in national rainfall. 
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at St. Louis was 1.49 inches; in the ten Novembers with lowest 
pressure at Salt Lake City, St. Louis had an average of 3.02 inches, 
or more than twice as much. 

The second question bears on the first; If droughts are as irreg- 
ular and diJBBcult to understand as was stated in Chapter III, how^ 
does it happen that there is such a simple relation (Figs. 48 and 
: 49) of Salt Lake City pressure to national rainfall? The answer: 
Pressure at Salt Lake City ( or Portland, or Santa Fe) is merely 
a good indication of the broad relation between air temperatures 
over the continent and the oceans. This is a broad control of the 
amount and distribution of rainfall over the United States as a 
whole. There are many irregularities which are smoothed out in 
the national averages. Salt Lake City pressures may not always 
be a good indication of November rainfall at any one place such 
as San Antonio, Texas, or Bismarck, North Dakota, or Kichmond, 
Virginia. It may be a good indication of the average for a period 
of years, as in the St. Louis example just given. These local ir- 
regularities are smoothed out in the national averages and there is 
a definite relation between the G.B.A. and the national rainfall. 

Third, if cold air masses from Canada are so important in pro- 
ducing rain, and these air masses are much more prevalent in late 
autumn and winter (when the Pacific is relatively warm) than in 
late spring and summer (when the Pacific is relatively cool), why 
do we not have much more rain east of the Rockies in the colder 
part of tlie year than in late spring and summer? The answer: In 
the cold season these cold air masses are often so strong that they 
dominate the weather of the continent east of the Rockies. Nearly 
all of the air movement is outward from the continent to the 
oceans. Little or no warm moist air can come into the country, 
and during these intervals we have dry, clear, cold weather with 
little or no rain or snow. In the intervals of winter when the out- 
breaks of cold air from Canada are not so strong, there is much 
rain or snow, as we would expect. 

The facts which have been presented in the preceding pages 
are intended to show that the dominating influence in broad-scale 
drought development is the Pacific Ocean, a fact which has not 
been recognized before. A large proportion of the moisture which 
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makes rainfall in the United States, especially in the territory east 
of the Rockies, is carried inland by winds from the Atlantic and 
Gulf. The rate and direction of movement of these winds are 
modified to some extent by the temperature contrasts between 
the Atlantic and Gulf on the one hand and the continent on the 
other. Later we shall see some of these effects. The evidence, 
however, points to primary control by the Pacific Ocean. 

In 1928, A. J. Henry, who was for many years a dili gent in- 
vestigator of the causes of rainfall variations in the United States, 
included the following statements in his conclusion with regard 
to the anticyclone in the Great Basin: 

“It can be laid down with much confidence that months with 
more than normal precipitation in California are those in which 
pressure in the Gulf of Alaska is considerably below the average. 
In other words, the low-pressure center normally found over or 
near to the Aleutian group of islands is displaced to the south- 
east, the G.B.A. cannot form, and southerly winds with abundant 
rains prevail in California.” But he continued: “We deceive our- 
selves when we create the impression that a study of the current 
and acciunulated data of the Pacific will point the way to seasonal 
forecasting for the North American Continent; nevertheless we 
should not on that account refrain from a sustained effort to sum- 
marize and place in convenient form for statistical analysis the 
current and accumulated meteorological data for the Pacific 
Ocean.” 

These statements indicate that Henry entertained a suspicion 
that the Pacific pressure situation is the key to broad rainfall con- 
trol in the entire United States as well as in California, but he 
hesitated to accept what seemed to be a preposterous idea that 
the Pacific might control rainfall east of the mountains. Henry 
had to contend with the added difficulty that the irregularities in 
rainfall are quite confusing, as are the occurrences of drought, 
and unless the problem is considered on a national basis in simple 
terms, the broad controlling influence of the Pacific fails to appear 
clearly, and the natural tendency is to deny that there is any 
relation. 

In a study of summer hot winds on the Great Plains, I. M. Cline 



DEPARTURE OF PRESSURE PROM NORMAL 


SUMMER (JUNE -AUG.) J9I5 


SUMMER (JUNE- AUG.) 1936 


PERCENTAGE OF NORMAL PRECJPITATION 


SUMMER (JUNE-AU6.) 1936 


found (1894) that in nearly all instances the winds came from the 
u region and descended the eastern slope of the Rockies 
he Great Plains. He said, '"Apparently the conditions on which 
development of hot, dry winds over the eastern slope of the 
Rocky Mountains and eastward depends are the presence of 
nearly stationaiy or slow moving low pressure areas along the 
eastern slope and then eastward, with a relatively high pressure 
the Pacific off the coast of Oregon or in that vicinity.” 
Cline concluded, however, that "the development of these hot 
winds is entirely independent of dx*ought conditions.” 

One fact seems to be clear. There is a seasonal change in the 
Pacific high because of the seasonal change in the ocean-continent 
perature contrast. Therefore, as the Pacific high changes its 


Above* left. High pressure reaches into the northern plains. Above right. High 
reaches into the southern Great Plains. Precipitation results are shown below 



ACCUMULATEO DEPARTURE OF STATION PRESSURE 
FROU NORMAL 


Fig. 52. Departure of pressure from normal in the wet year 1915 and in 
tile great drought year 1934. Shaded portions show pressure normal or 
above. (Kincer) 
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size and position from month to month, it is necessary to change 
the place where the pressure is measured so as to get the best 
indication; for example, Santa Fe in May (Fig. 44) and Salt Lake 
City in November. (Fig. 48.) 

We have come to one definite conclusion: There are other in- 
fluences which heighten the drought in local areas and make it 
less serious in others, but the general pattern of drought in the 
United States is under Pacific control and, because of the moun- 
tain barrier, the control is exercised through the upper air. It is 
interesting to note at this point the departures of pressure from 
normal in the wet year ( 1915) and the great drought year ( 1934) 
as shown in Figure 51.^® 

These changes in air movement across the mountains to the north or 
south represent components of the general circulation of the atmosphere. 
Measurements at higher levels in the free atmosphere are not sufficiently pre- 
cise and have not been made for a period of time long enough to show these 
variations in detail above the earth’s surface. In general, during a given 
month in one year when the northern branch predominates and rainfall in 
the United States is abundant, the upper air soundings in the Pacific States 
show pressure in the upper air to be relatively low to the northward. When 
in the same month of another year the southern branch predominates and 
rainfall in the United States is deficient, pressure as shown by upper air 
observations in Pacific States is relatively high to the northward. 


X. WHAT ABOUT THE GREAT PLAIXS? 


AWtVU/WI 

Every farmer wants to know how much rain will fall on his acres 
and when. Of course he is interested in rain that will fall on 
neighboring farms and in adjoining counties, but it does no good 
to his crops unless he gets his share. If he can t know exactly how 
much he will get, he wants to know something about his chances. 
That question is of supreme importance in the vast area between 
the Mississippi River and the Rocky Mountains, and it is para- 
mount in the Great Plains. 

We talk of rainfall over the nation as a whole. What does that 
mean so far as the Great Plains are concerned? (Fig. 53.) The 
answer to that question is encouraging. In general, we can give 
the same kind of answer that politicians formerly gave in pre- 
dicting the outcome of national elections, ‘"As Maine goes, so goes 
the nation."’ And we can confidently say in regard to rainfall, "As 
the Nation goes, so go the Great Plains.” 

Figure 54 shows some data analyzed by Kincer.^^ We see by in- 
spection that of the three great divisions of the country, none 
reflects the national trends as well as the great middle region from 
the Mississippi to the Rockies. 

If we use the records of individual places as an indication of 
rainfall in any region we get into trouble. There are all sorts of 
local variations. A single thunderstorm could hover over a rain 
gage in a semi-arid region and produce a rain measurement that 
would take years to smooth out in the averages. It is not reason- 
able to conclude that we can use the catch of a single rain gage 
in this vast trans-Mississippi territory to indicate the variations of 
rainfall for the entire region. But in the long run the great Pacific 
Ocean in its reaction to the changes in the relative position and 
heat of the sun is the deciding factor. There is no place in the 

24 Kincer, J. B., “Climate and Weather Data in the United States/’ Climate 
and Man. Washington, 1941. 


107 


■;th^ 

trans-Mississippi region where the farmer can get away from that 
powerful influence. 

For example we can use the rainfall records at North Platte in 
western Nebraska. The soil in this area is remarkably fertile, but 
it is located far from the sources of moisture, in the shadow of the 
Rockies, subject to the cold dry outpourings of Canadian winters 
and the hot winds of the Great Plains in season. 



Fig. 53. Hatched area shows the Great Plains. (From Climate and Man) 


We take the national rainfall percentages in groups. First, there 
were ( 1886 to 1943 ) 12 years which we shall call Class A, when 
the nation s rainfall averaged more than 1055& of noimal. In tliose 
12 years the rain gage at North Platte caught an average of 23.10 
inches. There were 31 years ( Class B ) when the national rainfall 
was near normal—not more than 105% or less than 95% of normal. 
North Platte in those years averaged 17.53 inches. There were 15 
years (Class C) when the national rainfall was less than 95% of 
normal. In those years North Platte averaged 14.13 inches. 

In the Class A years the barometer at Portland averaged 29.876; 
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in Class B, 29.893; in Class C, 29.905. These data 
the table: 

are shown in 

Class 

National 

Rainfall 

North Platte 
Rainfall 

Portland 

Barometer 

A 

More than 105% 

23.10 

29.876 

B 

From 95 to 105% 

17.53 

29.893 

C 

Less than 95% 

14.13 

29.905 


In the minds of those who study daily weather maps and see 
the large changes of pressure commonly appearing (sometimes 
of the order of an inch or more in a day), it seems almost foolish 
to assume that small pressure difiEerences, in thousandths of an 
inch, could be related to national changes in rainfall of such great 
importance. On the other hand, in the 15 dry years when the pres- 
sure at Portland averaged 29.905, only 12 thousandths of an inch 
above normal, it must be noted that during these years this small 
average pressure diflFerence was maintained with the atmosphere 
constantly striving to find an equilibrium, that very great move- 
ments of the atmosphere were involved in the aggregate, that 
some powerful force had to be applied to maintain even this small 
diflFerence, and that Portland pressures are an index to what may 
be larger pressure changes over the ocean or in the relative dis- 
tribution of pressure over ocean and continent. 

Of course, there are important seasonal diflFerences in rainfall 
between the northern and southern parts of the Great Plains. 
Some of tire facts in the pages that follow will have a bearing on 
such valuations in rainfall distribution. In any event, if we main- 
tain accurate records and do not move our instruments from place 
to place, we shall eventually have what we need for a detailed 
study and understanding of the more important of these regional 
variations. Readings must be accurate and strictly comparable. 
These extremely small yet highly significant pressure diflFerences 
are likely to be lost when barometers are moved from city oflScesto 
airports or when their elevations are changed for other reasons. In 
this study of drought we have used the readings actually taken 
from the barometers without reduction to sea level. On daily 
weather maps we necessarily use readings corrected to a common 
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Fig. 54. Above (A), Year-to-year iinsmoothecl precipitation in percent above 
below normal. Area 1 is the western part of the country to the Rockies; 
area 2 is from the Rockies to the Mississippi; area 3 is from the Mississippi 
to the Atlantic. These values are based on state averages weighted according 
to state areas. Below (B). Each point on these curves is a 10-year average 
cent of normal, up to and including the date where the point is 
e.g., for the United States 98 per cent in 1895 is the average from 
1895, inclusive. (Kincer) Data for these graphs will be found in the 
Appendix, 
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level. The surface weather map is huilt around pressures reduced 
to sea level by adding in each case the weight of an imaginary 
column of air between the barometer and sea level. In the moun- 
tainous region of the West and at higher elevations generally, this 
practice leads to inaccuracies which are negligible in mapping 
the daily weather but which obscure important pressure changes 
which endure in longer periods of time, as in the case of drought. 

Sometimes it is obvious that the removal of the barometer lo- 
cally from one building to another or from city to airport has af- 
fected the corrections so that there is a slight discontinuity in the 
records. In Figures 39 and 48, changes in elevation of the barom- 
eter are indicated. The Weather Bureau continues to be careful to 
correct these readings to one fixed elevation in the vicinity, but 
even some of the small inaccuracies in these slight corrections 
appear in the longer-tenn relations between pressure and rainfall 
The rainfall records used in this book are chiefly state and na- 
tional averages and hence are not affected much by changes in 
exposures of the individual rain gages. 

In the long-period trends of rainfall as measured for the year 
as a whole, there is a great deal of similarity in the variations in 
different parts of the plains region. Figure 55, prepared by Kincer, 
shows that the main features of the trends of yearly rainfall in 
the Dakotas and Minnesota have been similar to the trends for 
the combined records of Las Animas, Colorado, and Dodge City, 
Kansas. 

The Great Plains, lying just east of the Rocky Mountains, are 
more strongly under Pacific control than any part of the United 
States except the area between the mountains and the Coast. The 
Dakotas and that part of Montana which is east of the moun- 
tains form a broad channel through which cold or cool air masses 
enter this country from Canada. During the winter, and at other 
times when these dry northerly winds blow across this area and 
moist winds are blocked farther southward, the northern part of 
the Great Plains may be dry while the southern Great Plains may 
get some rain. But the hot winds of summer and warm dry winds 
at other seasons enter the Great Plains from the Southwest, and 
that region may be dry while moist winds, especially in June or 
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July, may reach far to the northwest and bring some rain in the 
Dakotas and eastern Montana. This is the mechanism which gives 
ns a strongly seasonal oscillation in rainfall between the northern 
and soutliern parts of the plains region. 

Figure 56 shows 5-year means of annual rainfall for North 
Platte (A) and the United States as a whole (B). The similarities 
in the variations are apparent. But these are annual amounts. The 
pattern of rainfall and barometer readings varies with the sea- 
sons. Averages for the year eliminate many features which are 
characteristic of the response of the atmosphere to the march of 
the sun through the heavens and to the stubborn efforts of the 
oceans to resist the changes decreed by variations in the sun and 
the relative position of die earth in its orbit. 

In the Western Range as a whole there are numerous local 
peculiarities in rainfall distribution. Mountains and valleys pro- 
duce innumerable local complications which are not even sug- 
gested by a small scale map of the type shown in Figure 57. Each 
one of these local situations should be treated separately. 

One billion acres in the United States are used for grazing dur- 
ing at least a part of the year. This represents nearly 60 per cent 
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Fig. 56. Five-year means of yearly rainfall (A) at North Platte, 
Nebraska, and (B) for the United States. Scales show rainfall in 
whole inches. Values for 1890, for example, are means for years 1886 


of our total land area. Much of this grazing land receives less 
than 20 inches of rain annually and a considerable part of it less 
than 10 inches. Our grazing lands support about 70 million cattle 
and more than 50 million sheep. In the dry range country of the 
W'est, the situation regarding rainfall is always precarious. While 
we worry about an occasional drought in the more populous 
farming areas of the country, much of the range country subsists 
and even prospers on what amounts to a never-ending drought 
by our eastern definitions. In winter, livestock are kept in feed 
lots and on winter ranges, a large share in the lower valleys and 
on the edges of the desert in the Southwest. In spring they begin 
the trek toward new growth on spring ranges. Hundreds of thou- 
sands of sheep are involved in these migrations. Some flocks travel 
more than 200 miles. In the range country rain means everything. 
Man obeys the dictates of climate and has no more trouble in the 
long run than his brother on lush pastures farther east. 

In the preceding chapters we have looked at the records to find 
the primary cause of rainfall variations. Next we shall consider in 
more detail the processes involved in seasonal variations and 
longer-term changes. 
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Fig* 57. Main rainfall zones in western range territory. (From The Western Range) 
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Nearness to water does not assure rainfall. In the midst of vast 
stretches of ocean there are islands,, such as St. Helena, Ascension, 
and the Galapagos Islands, whose shores have the climate of des- 
erts. Cool ocean currents are responsible for this condition. Con- 
stant-movements from cooler to warmer latitudes bring these 
waters under the direct rays of the sun. The water is not cold; it 
is relatively cool, compared to the land. 

Key West is surrounded by water. The warm Gulf Stream is 
practically in the front yard. Almost every year in late winter 
or early spring there is a drought at Key West, with winds blow- 
ing off the water. Lack of rainfall there is of no great concern, 
but the facts are interesting. At this time of year the sun is coming 
northward. The air is getting warmer and the water is relativelv 
cool. The driest month from January to April at Key West in each 
of the sixty-one years from 1870 to 1930 averaged only 0.41 inch. 
In some years one of these months at Key West had too little 
rain to measure (less than 0.01 inch). At the other extreme, late 
summer and early autumn at Key West are wet. The wettest 
the months from July to October in each of the same sixty-one 
years averaged 9.03 inches. Six of these months had more than 
15 inches each. At this time of year western Atlantic waters are 
relatively warm and the sun is going south. 

In the succeeding chapters, in order to avoid confusion when 
speaking of the condition of the sun, we shall use the following 
converrtion. When we mean that the actual radiation from the 
sun is changing, we shall refer to a hot sun and a cool sun, or a 
hotter sun and a cooler sun. As the earth on its tilted 
around the sun, we have tire changes of the seasons. In 
when the Northern Hemisphere is tilted toward the s un 
rays strike the United States more directly, and the sun feels 
hotter. The path of the sun across the sky is high, and at noon it 
passes almost directly overhead. To describe this condition (when 
the sun merely feels hot), we shall say that the sun is hiph. In 
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winter, when the Northern Hemisphere is tilted away fiom the 
sun, the sun's rays strike the United States at a glancing angle, 
and the sun fssls cool. The sun travels a low path acioss the sky, 
jjgygj; §oing so far finm the horizon as it does in summei. To 

describe this condition, we shall say that the sun is Zorn. 

In the spring tire effect of cool Atlantic waters and a high sun 
is sometimes felt far into the interior of the continent. Local or 
temporary droughts occur. They are temporary because the cool 
water is mostly along the eastern shores with the warm Gulf 
Stream outside, or along the northern coast of the Gulf of Mexico. 
These coastal waters become warmer as the season advances, and 
rain comes again. If the Pacific is relatively colder than usual, 
these local and temporary Atlantic and Gulf drought conditions 
are added to the more widespread Pacific effect and the drought 
may be serious. 

On the Pacific side the water does not become warm enough 
in summer to permit rain along the coast. The cool waters there 
are part of a cool ocean current, which persists through the warm 
season. The drought hangs on all summer in Pacific coastal areas. 

On the other hand, local and temporary droughts are caused 
also by dry winds blowing outward from the interior of the con- 
tinent. Relatively warm Atlantic and Gulf waters aid this outdraft. 
The Northern Plains afford a good example. In winter, cold dry 
winds from Canada prevail in North Dakota. On the southern 
borders of these cold air masses there may be much rain where 
moist winds are forced up over the cold air, but in North Dakota 
the cold dry winds of winter nearly always are established be- 
yond the reach of moist air. Bismarck, for example, averages only 
about 0.50 inch in January and February, and has only slightly 
more in December. 

One might ask why these cold winds from Canada are dry. 
Cold air masses are dry only because the moisture has been taken 
out of them. What has become of the moisture? In this case the 
answer is obvious. The mountain rain wringer to the westward is 
almost constantly busy in winter taking the moisture out of the 
air from the Pacific before it settles down into the Canadian sink. 
These mountain slopes facing the Pacific are in the wettest region 
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Fig. 58. Di^rences of rainfall between Galveston and Houston, Texas 
by months. Scale at left shows excess or deficiency of Houston rainfall 
in inches as compared with Galveston. 

Also, while over Canada, this air loses heat rapidly by radiation 
under clear skies. 

Droughts due to outflowing continental winds usually are tem- 
porary, except in the Northern Plains. But these occur mostly in 
winter when precinitation is not imnoH'flnf' o. o 
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Fig. 59. The Atlantic high in January and July (pressure in millibars). 
In January the high (H) is small and located to the southward with 
a deep low (L) near Iceland and southern Greenland. In July the 
high ( H ) is expanded and located farther to the northward. Th^ low 
near Iceland and southern Greenland is poorly developed. 


HOT SUN AND COOL WATEE 

Drought often seems complicated, but it is primarily a question 
of sun and water. For example, consider the rainfall at two Texas 
cities, Galveston, at the edge of the Gulf of Mexico, and Houston 
a short distance in the interior, only about 50 miles apart. (Fig. 
58. ) When the sun is high and the water relatively cool, Houston 
in the interior gets more rain than Galveston on the coast. When 
the sun is low and the water relatively warm, Galveston gets more 
rainfall than Houston. The differences between May and Sep- 
tember average about 2.5 inches. In May Galveston gets about 
an inch less than Houston and in September nearly an inch and 
a half more than Houston. The rainfall records for Boston and 
Waltham, only ten miles apart, show the same effect. The dif- 
ference in rainfall during the course of the year averages about 
three-fourths of an inch even in this short distance. 

We have seen how the Pacific, with its high pressure area off 
the west coast, controls the flow of air over the mountains into 
North America. The Atlantic also has a high pressure system. Like 
the one in the Pacific, it lies in tlie eastern part of the ocean. Its 
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center is usually near the Azores. (Fig. 59.) At times there is a 
westward extension of this high in the neighborhood of Bermuda. 
This extension is known as the “Bermuda High.” 

It is commonly said that the “Bermuda High” brings hot, humid 
weather in the eastern part of the United States. This is incorrect 
if it is intended to imply that hot air comes from Bermuda. But 
the high pressure over the Atlantic and its westward extension 
do play an important part in the flow of moist surface air across 
the United States east of the Rockies. This air usually comes in- 
land in the South Atlantic and Gulf States. It travels around the 
Atlantic high, gathers much moisture from the ocean, and be- 
comes warmer in summer as it comes into the southern or south- 
eastern part of the United States. In winter this air feels very 
warm as it comes into northern latitudes where colder winds are 
felt most of the time. In summer, the temperature and hmnidity 
of these air masses are high. 

Like the Pacific high, this high pressure over the Atlantic 
moves southward when the ocean is relatively warm and extends 
to the northward and westward when the ocean is relatively cold. 
The moist surface air current which flows around the high there- 
fore shifts to the north or south in accordance with the position 
of the high. This is one of the causes of the swinging-back-and- 
forth of the rainfall in the United States. Thus we see that while 
the Pacific largely controls the amount of rain which is precipi- 
tated over the United States, the Atlantic controls to some degree 
the distribution of the rainfall. At times there is more rainfall in 
northern states and less in tlie south and at other times there is 
more in the south and less in the north. This is illustrated in Fig- 
ures 61 and 73. 

The long-term rain-distribution influences of the Atlantic and 
Gulf on the one hand, and the Pacific on the other hand, cannot 
be separated clearly. It is obvious that when the sun gets higher 
and the continent becomes warmer, both the Pacific and Atlantic 
will tend to be relatively cool. If there are variations in solar 
radiation, an increase in the sun s heat in the spring months will 
make the temperature contrast with both oceans greater still. 
Figure 73 shows the difference in rainfall between Chicago and 
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Fig. 60. Differences in rainfall at selected places, 50-year averages, showing (A) increase 
or decrease from March to April and (B) increase or decrease from April to May. 
Figures at ends of lines represent inches and tenths; for example, in Chart A, -1.5 
indicates that in the area outlined April averages one and one-half inches of rainfall 
less than March in the same area. 
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Fig. 61. Precipitation for ten years ending at dates plotted, for Minne- 
sota and Louisiana showing opposing trends. (After Kincer) 


Galveston in April for more than fifty years. The important fact 
to be noted in this diagram (Cui-ve B) is the very large swing 
between north and south with an average amplitude of about two 
inches, which is rnore than two-thirds of the April average at 
Chicago and more than half the average at Galveston. 

These curves show an important oscillation back and forth be- 
tween northern and southern sections. The same force which pro- 
duces more rain at Houston than Galveston in the spring of the 
year must also cause more rain at Chicago than at Galveston in 
certain years when solar radiation and ocean temperatures are 
favorable. This north-south oscillation in rainfall is also illustrated 
in Figure 86. 

Figure 60 shows the effects on rainfall distribution of increasing 
continental temperatures in the spring months when the ocean 
temperatures lag. The upper chart (A) shows differences of rain- 
fall between March and April and the lower chart (B) differences 
between April and May (50-year averages for selected places). 
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Positive values and the entry 'More Rain' show excess in April 
over March and in May over April; negative values and "Less 
Ram' show the reverse. Here we see the Pacific becoming rela- 
tively cooler and die rain deficiency and summer drought develop- 
ing in the Far West, while the increasing coolness (relatively) 
of the Atlantic produces an area of rain deficiency in the east and 
southeast. 

In Chart B of Figure 60, there is increasing rainfall locally in 
Florida and the relative deficiency continues in the middle Gulf 
States, but in both charts rainfall increases in the Middle West, 
although Chart B shows a tendency for the rain to be carried 
farther northward in the interior. (See Fig. 70. ) 

Figure 61 by Kincer^^ shows the opposing trends of rainfall in 
Louisiana and Minnesota. Figure 62 shows trends in the plains 
region. The variations in the plains are similar. North Dakota, for 
example, shows a slight downward trend while the Oklahoma 
trend is upward, but there are some wide variations. 

The reasons for these differences in trends between northern 
and southern states will be given in later chapters. Here it is only 
necessary to establish the fact that important swings in rainfall 
distribution exist. 

Before we can go further with seasonal changes in rainfall dis- 
tribution it will be necessary to consider the movements of the 
air and its cargo of water vapor. Much of the moisture in the at- 
mosphere is invisible. We measure the amount of moisture in the 
surface air by instruments, and we obtain some measurements of 
moisture in the upper air by sending up balloons with instru- 
ments which send radio signals back to earth to register the tem- 
perature, pressure, humidity, and winds. We also judge the 
humidity by observing fog, and especially the \Rrious kinds of 
clouds and their heights above the earth. Our knowledge of the 
moisture in the atiiiosphere is always sketchy: As we have seen, 
there are places in the tropical oceans where it rains very little 
and the skies are clear nearly all of the time, and yet a great 
amount of moisture may be present in the atmosphere. We cannot 
rely on cloudiness as an indicator of moisture in the atmosphere. 
We shall consider some of these questions in the next chapter. 

Kincer, J. B., Is the Climate Changing? Springfield, Illinois, 1937. 
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Fig. 62. Precipitation trends in the Plains Region. (After Kincer) 


XII. THE ATMOSPHERE 
AND ITS MOISTURE^^^ ^^^^^^^^^ 

AMM/WW\ 

We have made only a small beginning in the job of gathering 
the data needed to understand all that goes on in our atmos- 
phere. This atmosphere is everything to us. We are born, we live, 
and we die in the thin skin of air that surrounds the earth. We 
breathe it; it brings us the moisture that makes it possible for the 
soil to yield food and fiber; its winds bring us comfort or dis- 
comfort; it brings us storm and flood and blizzai'd; we revel in it 
in fine weather and try to escape from it in bad weather; its moods 
determine our moods, 

Man depends so much on rain that his interest in clouds has 
always been great. The Babylonians watched the clouds and 
wondered when the rains would come to flood the Euphrates. 
Aristotle had a theory about clouds, and every fanner from the 
beginning of time has tried to tell the weather from the sky. In 
good weather some kinds of clouds are harbingers of rain; others 
immediately precede the rains; still others are clouds from which 
the rains fall; and then there are the tantalizing clouds that ap- 
pear during droughts. These appear in the late morning or early 
afternoon, sometimes grow a little, and then flatten out and dis- 
appear in the evening without yielding any rain. 

The appearance of the clouds has given rise to many weather 
proverbs, such as: 

"When the clouds are upon the hills, 

They'll come down by the mills/' 

Each of the climatic zones of the earth has clouds which are 
more or less characteristic. There are the cumulus and cumu- 
lonimbus clouds of the tropics; the fair-weather cumulus clouds 
of the trade wind belts; the heaped-up clouds of summer and 
the sheet clouds of winter in higher latitudes. The cirrus forms 
often precede rain; when general rains are in prospect the high 
cirrus cloud fonns are followed by lowering clouds in sheets, then 
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rain, and finally by a shift of wind, cumulus clouds, showers, 
clearing and cooler or colder. (Fig. 63. ) These are merely the 
visible forms of the moisture which is always present in the at- 
mosphere. 

The question is often asked: What keeps the clouds up there? 
Clouds usually are formed in rising air. The air gets colder as it 
is forced upward until it reaches the temperature where the water 
vapor condenses. (Fig. 64.) Dry air must rise to greater heights 
than moist air before the condensation temperature is reached. 
On any one day, all of the rising air in any given locality has about 
the same temperature and vapor content, and so the bases of the 
clouds are all at about the same height. The gently rising current 
keeps the water particles from falling. If the air begins to descend 
it becomes warmer and condensation ceases. If the ascending air 
motion is strong, much condensation takes place. Water droplets 
accumulate and finally become heavy enough to fall in spite of 
the rising air. If these vertical motions are exceptionally strong, 
condensation in the high cold air may produce hail. 

Where air is forced up over mountains, there usually are stand- 
ing clouds. Though the air is in motion, the cloud remains sta- 
tionary. As the air passes up the slope, it gets colder until it 
reaches the condensation temperature. Water droplets appear 
and there is a cloud. As the air passes over the mountain top and 
starts down* on the other side, it gets warmer, condensation 
ceases, and evaporation begins. Hence the cloud is fixed at the 
top of the mountain until the wind changes. The appearance or 
disappearance of these mountain clouds is the subject of many 
weather proverbs. One of them in Sussex, England, is: 

‘When Walstonbury has a cap, 

Hurstpierpoint will have a drap.” 

The changes of the wind are associated with general weather 
changes, so there is value in some of these proverbs, but many 
of them are just nonsense. Careful observations with instruments 
are much preferred for weather forecasting. 

Occasionally in history, people have kept records of the weather. 
After the passage of many centuries, instruments were invented 
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to measure the temperature, weight, and humidity of the air. 
Many of the long weather records that are suflSciently good to be 
worth while were kept by people who got nothing for their labor. 
War, revolution, political upheavals and other interferences have 
interrupted or rendered useless many records that would have 
been of inestimable value if they.had been kept with the necessary 
accuracy and continuity. These records are important because we 
must try to foresee the future from the past. 

So far as we know, the total amount of air in our atmosphere 
has not changed appreciably since the dawn of history. The 
human race is destined to live in this atmosphere for thousands of 
years to come. We ought to learn everything we can about it. We 
ought to make sure that the vast unknown weather regions of the 
world are covered by observations, and we ought to persevere in 
accumulating these records in an accurate form, day by day and 
‘ year by year until we finally gain a complete understanding of 
the workings of our atmosphere. 

In the meantime, the best we can do is present the picture as 


Fig. 63. The rain cycle in the clouds. During drought tlie skies are cloudless 
or there are a few small fair-weather cumulus like those shown at top left, 
perhaps with a few high, featliery, cirrus clouds like those at top right, 
but by evening tlie clouds have flattened out like those at the bottom right 
with the suns rays and shadows in the dust. When cold air masses come 
from higher latitudes the rain cycle proceeds as follows: The high thin 
clouds at top right show the warm air coming in at very high levels above 
the old cold air. Second from top at left, the warm air comes closer and the 
high clouds become lower and thicken a little, sometimes with a halo around 
the sun or moon. Second from top at right, the warm air comes closer 
and tlie clouds become lower and thicker (altostratus) toward evening as 
steady rain begins. It rains all night. Third from top at left, as the rain 
ceases in the morning the clouds are breaking up widi a small bit of open 
sky showing on the horizon in lower right corner of the picture. The warm 
air reaches us with clearing skies and the day is warm with high humidity, 
but (third from top at right) in the afternoon we see thunderstorm clouds 
in the distance where the new cold air is coming in to push the warm air up 
and cause show^ers. Sometimes the new cold air comes in with a roll cloud or 
a front like that shown in Figure 25. Bottom left, the thundershower of 
the cold front comes over us and there is heavy rain, lightning and thunder. 
Bottom right, the clouds flatten out in the evening and the night and the 
next day or two will be clear or there will be fair-weather clouds like those 
at the top left until the cycle begins again. 
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Fig. 64. Cloud cap over Mt Rainier. (O. P. Anderson photo) 

we see it now, filled in here and there by estimate, by shrewd 
reasoning, or by plain guesswork. 

First, we know that it is always hot in nearly all parts of the 
equatorial regions; The sun goes southward from the equator in 
our winter and northward in our summer but not far enough at 
either time of year to make a great difference in temperature 
near the equator. A line diawn through the middle of this hot 
strip around the earth is known as the “heat equator.” The atmos- 
phere is usually more heated and e.xpanded here than anywhere 
else on earth. 

If we could take a slice through the atmosphere from north to 
south across the equator as shown in Figure 65, we would find 
the atmosphere more expanded north of the equator in our sum- 
mer as shown at the left and more expanded south of the equator 
in our winter as shown at the right. In our summer (at left) more 
air will run down the steeper slope to the south where the air is 
cold (C) as shown by the large arrow A and less down the north- 
ern slope where the air is waim (W) as shown by the little ar- 
row at B. 

In our winter the reverse occurs, as shown at the right in Fig- 
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ure 65. The air is more expanded ( W) south of the equator (Eq ) 
and colder (C) north of the equator. Less air goes down Ae 
southern slope as shown by the small arrow at B and much more 
down the Steep northern slope as shown by the large arrow at A. 
The air of the Northern Hemisphere expands and sinks more 
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Fig. 65. At left, in summer (sun at S) in the Northern Hemisphere, warm 
atmosphere (W) is expanded and cold atmosphere (C) in Southern 
Hemisphere is dense and lies nearer to the earth; air goes more rapidly (A) 
from equator (Eq.) down the steeper slope toward the South Pole than (B 
from equator toward North Pole. At right, in northern winter, air moves 
more rapidly (A) down steeper slope into Northern Hemisphere than (B) 
into Southern Hernispliere. By this expansion at the equator and excess 
now toward the cold hemisphere, there is a vast exchange of air across the 
equator. 

with the change in temperature between seasons than does the 
air south of the equator. This is because there is much more land 
surface north of the equator and the air over the land gets much 
warmer in summer and colder in winter than the air over the 
oceans. Also the difference in temperature between winter and 
summer is great in the polar regions where the sun is above the 
horizon all the time in summer and below the horizon all the 
time in winter. 

It is apparent that air accumulates in the Southern Hemisphere 
in our summer (their winter) and in the Northern Hemisphere 
in our winter (their summer), because more of the expanded 
equatorial air flows down the steeper slope into the winter hemi- 
sphere. The surface air finds its way back toward the equator to 
be heated again and start once more around the circuit. By this 
means a great exchange of air takes place between the two hemi- 
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spheres every year. In spring, air is going rapidly over to the 
Southern Hemisphere and accumulating south of the equator as 
shown at the left in Figure 65. In autumn air is going rapidly over, 
to the Northern Hemisphere and accumulating iipith ^of the 
equator as shown at the right in Figure 65. 

There is some evidence to show that the exchange of air be- 
tween the hemispheres is not of the same magnitude from year 
to year. There probably are progressive changes of temperature 
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Fig. 66. Same as Figure 65 but these diagrams show how earth rotation 
causes the overflow from the equator to accumulate in regions, of high 
pressure at about 30° latitude from where the northeast trades (NT) and 
the southeast trades (ST) blow toward the equator at tlie surface of the 
earth while in higher latitudes the pre\*ailing westerlies (PW) blow from 
the west and incline toward tlie polar regions. 

of the oceans north and south of the equator which cause more 
air to accumulate in the Northern Hemisphere over a period of 
years and then more in the Southern Hemisphere for a period of 
years. This exchange of air may have an important bearing on 
rainfall, but we know very little about it. 

The circulation shown in Figure 65 neglects the effect of the 
rotation of the earth on its axis. But the earth rotates, and every 
particle of the solid earth must turn with it. Air can move freely 
over the earth s surface; and when air is in motion, the earth, like 
a great turntable, moves from under it. The result is that winds 
in the Northern Hemisphere are turned to the right and winds in 
the Southern Hemisphere are turned to the left. North of the 
equator, a north wind is turned to the west, an east wind toward 
the north, a west wind toward the south, et cetera. This turning 
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of the winds is called the deflective effect of earth rotation This 
introduces complications. One result is that the air tends to pile 
up at about latitude 30“ (Fig. 66) and part of it (NT and ST) 
flows back at the surface toward the equator and part (PW) due 
to increased pressure starts again toward the pole but is turned 
to the right. Here (PW) we have a broad belt of winds moving 
mainly from west to east or southwest to northeast as shown in 
Figure 68. Most of the United States lies in this great belt of 
winds called the prevailing westerlies (PW). The wind belts NT 
and ST are the northeast trades and southeast trades. Near the 
North Pole the cold air sinks and flows outward at tire bottom 
giving the polar wind belt (P) in Figure 68. 

The upshot of all this is that our imaginary slice of atmosphere 
between the equator and the North Pole would actually look 
more like that shown in Figure 67, where winds marked W blow 
from the west toward the east, or southwest to northeast, and 
wmds marked E blow from the east toward the west, or northeast 
to southwest. 

At about 30° north and south, where the air tends to pile up 
we have high pressure and generally descending dry winds and 
little or no rainfall. This belt includes the Pacific and Atlantic 
high pressure areas (Figs. 34 and 59) . In these belts of high pres- 
sure in the two hemispheres are found most of the world’s deserts 
(Figs. 7 and 10) but the high pressure belts are broken up by 
temperature contrasts and air circulation between continents and 
oceans, so there are regions in this belt where there is much rain, 
for example, in much of southern United States east of the Rocky 
Mountains. 

Figure 68 shows the wind system which tends to develop over 
the earth, and which would be a uniform pattern if it were not 
foi the diffeiences in temperature between oceans and continents 
at the different seasons. These ocean-continent contrasts are espe- 
cially strong in the Northern Hemisphere. In North Ainerica, as 

The full explanation of the effect of earth rotation involves the principle 
or the conservation of areas, a component of centrifugal force, friction, and 
(at any given time and place) the barometric gradient. The speed of the 
wind is not affected by earth rotation. The effect is directional only. 
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we have seen in previous chapters, the continent and the moun- 
tain system in the west cause part of the prevailing westerly winds 
to be diverted through Canada and part over the mountains to 
the southward, and the control of tliese air streams by the relative 
temperatures of ocean and continent determines in a large meas- 
ure the amount and distribution of our rainfall. 
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circulation shown partly in Figures 65 and 
66 is shown here for the entire Northern Hemisphere slice 
from equator to pole. At points marked W the winds 
blow from west or southwest and at points marked E 
the winds blow from east or northeast. The northeast 
trades are shown at NT, the prevailing westerlies at PW, 
and the polar easterlies at P, ( After Rossby ) 

Interference of mountains to the prevailing westerlies blowing 
from the Pacific produces disturbances east of the mountains. 
This causes warm, moist southerly and southeasterly winds to 
blow into the United States from the Atlantic and Gulf in place 
of the surface air of the westerlies, which otherwise would come 
in greater volume direct from the Pacific. If it were not for the 
mountains in the west, the prevailing westerlies would cany 
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moist Pacific air into the interior of the continent and the United 
States would get its moisture from the Pacific, just as Em-ope gets 
its moisture from the Atlantic. A complicated rain machine is 
needed to make this great detour of the Rockies and bring rain 
to a vast region tlmt otherwise might be desert. 


NORTH POLE 


CANADA 


/ . ... — — EQUATOR J A— \ 

•Fig. 68. This is a map of the Western Hemisphere north of the equator 
showing schematically the surface winds of Figure 67. These are the 
northeast trades (NT), the prevailing westerlies (PW), and the polar 
easterlies (P). Oceans and continents cause large day-to-day and month-to- 
month variations from this schematic wind pattern. It will be noted tliat tire 
northeast trades blow toward the equator but are turned to the right of their 
path by earth rotation, becoming northeasterly winds; the prevailing wester- 
lies are winds blowing toward the pole but turned to the right; and the 
polar easterlies blow from tlie pole toward the equator but are turned to 
the right and become northeasterly winds. 

To explain- fully the distribution of water vapor in the atmos- 
phere around the earth would require more space than we have 
here. There are many detours on the atmospheric highways, like 
the detour of the Rockies in North America. But the chief ob- 
stacle in the way of a complete description is our lack of ob- 
servations in many parts of the world. For example, the biggest 
movement of air in the world is in and out of Asia in summer 
and winter. There are vast stretches of the interior of Asia where 
hardly any observations are made and where there are great des- 
erts which do not support a population to maintain observation 
stations. Likewise, there are vast ocean areas from which we have 
little reliable information. As long as we lack data on these vast 
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air movements, our knowledge of the circulation of the earth’s 
atmosphere and the causes of changes in distribution of rainfall 
will be very sketchy, and we will have difficulty in accounting 
for some of the changes which affect us so vitally here in North 
America. 

The seasonal changes in the circulation of tlie atmosphere and 
the distribution of rainfall do not come in a fixed pattern from 
year to year. The effects of the Pacific Ocean are not always the 
same. Droughts do not come regularly. It has been claimed that 
variations in tlie sun are responsible for some of these changes. 
Sunspots give one indication of variations in the sun. Do they 
affect rainfall? We shall look at this question in the next chapter. 


XIII. WHAT ABOUT SUNSPOTS? 
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Dueing periods of deficient rainfall in the United States we fre- 
quently hear that droughts come in cycles. The most frequent 
claim is that they come in some fraction or multiple of the sun- 
spot period of about 11 years. There is much evidence tliat rain- 
faU varies in a cycle of about 11 years, and also there are some 
indications of variations in periods of 22 or 23 years, and in the 
so-called Briickner cycle which is roughly three times the sunspot 
period. There is evidence of other cycles, including a short one of 
about 5/2 years. A long cycle often mentioned is 90.4 years. 

When we examine the rainfall records in an effort to learn the 
truth about the effect of sunspots, we find some coincidences and 
some apparent contradictions. The usual result of these investiga- 
tions has been the conclusion that these several cycles seem to be 
worthless for the pui-pose of predicting droughts and variations 
in the quantity of rainfall at any one place. The facts must be 
studied with extreme care, for we have much evidence that the 
sun is the basic control. 

One argument that is presented against the sunspot theory is 
that the sun could not, for example, pick out Iowa for a drought 
and at the same time give good rainfall in adjoining states. In 
1934 West Virginia rainfall was deficient by 12 % while Virginia 
rainfall was above normal by 10 %, In the same year, Georgia and 
South Carolina were dry while North Carolina and Alabama were 
wet (Fig. 69). From what has been said in preceding chapters, it 
is obvious that this argument about the ability of the sun to pick 
out certain areas is not very convincing. The world's rainfall 
machine is a complicated affair. 

We know that the sun furnishes the power for our complicated 
rainfall machine, and if the power varies there may be further 
complications which could easily account for a . dry South Caro- 
lina and a wet North Carolina in the same year. In the long run, 
the sun s heat is responsible for all changes in the weather, as 
the sun rises and sets and goes north and south with the seasons. 
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Fig. 69. Precipitation in 19S4 in percentages of tlie normal by states. (Kincer) 


The diiimal efiFects, and especially the seasonal effects, will afford 
some clues as to what happens when the sun’s radiation changes 
in a period of eleven years, or whatever it may be. 

In spring and summer a high percentage of the year’s rainfall 
is carried into the interior of the continent. ( Fig. 70a. ) The sun is 
high and the continent warm, and the oceans are relatively cool. 
In autumn and winter a greater percentage of the year’s rainfall 
occurs in coastal areas or nearer to the coasts than in spring and 
early summer. When the sun is low, the continent is cold, and the 
oceans are relatively warm. Therefore, if the sun gets progres- 
sively colder from year to year there should be an increasingly 
lower percentage of rainfall in the interior, and vice versa. There 
will be many local variations, of course, and the lag of ocean tem- 
perature changes will have to be taken into account; but the 
broad effects should be fairly clear if the sun’s radiation changes 
in an eleven-year cycle, as we believe it does. 

Figure 71 at A shows the differences between the national rain- 



Fig. 70a. Weekly precipitation averages for the years 1906*-1935. Week o£ May 21 to 27. 
In this map we see rainfall carried northward and northwestward, while the Soudiwest is 


dry. Compare tliis map with Fig. 70b. 

fall in the first and second halves of the calendar year. From Jan- 
uary to June, the temperature is increasing in most of the United 
States because of the northward movement of the sun. From July 
to December it is generally decreasing. The smoothed^’' curve in 
Figure 71 at A is high when the rainfall of the United States in 
the first half of the year exceeded that of the second half, and the 
curve is low in years when the second half of the year had more 
rainfall than the first half. Curve B in the same diagram shows 
the number of sunspots. We see that in general when there were 
numerous sunspots there was more i*ain in the first half of the 
year and when there were few sunspots there was more rain in 
the second half of the year. 

, _ _ a + 2b + 3c4*3d + 3e + 2f + g __ 

27 Smoothing fonnula. — — d . 
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Fig. 70b. Week of December 17 to 23. The rain is heaviest in the Southeast and in the 
Pacific Nortliwest. The Northern Plains are dry in the area where cold Canadian air 
masses are in control. (U.S. Weather Bureau) 


The amounts represented in these variations are important. 
This swing back and forth between the two halves of the calendar 
year averages about 1/2 inches for the nation as a whole, or about 
25% of the difference between a very wet decade ( 1906-1915 ) and 
a very dry decade (1930-1939). It will be noted that there is a 
steady decline in the differences from the early nineties to the 
early thirties. Rainfall shifted toward the first half of the year 
with each increase in sunspots but the steady long-period shift 
was toward tlie second half. 

We have seen already tliat rainfall varies according to the con- 
dition of the Pacific Ocean as indicated by pressures at Portland 
and other points in the West. How, then, can sunspots also be 
held responsible? There are two answers to this question. (1) 
Figure 71 does not show the amounts of -rainfall; it shows merely 
the differences between amounts in the first and second halves of 
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the year. (2) Sunspots also cause variations in the differences of 
Pacific pressures between the first and second halves of the year. 
Figure 72 shows an example for the well-defined sunspot cycle, 
1901 to 1912. Here we see that pressure at Portland was rela- 
tively low in the first half of the year when the rainfall was rela- 
tively high in the first half of the year, and vice versa. 

It seems clear from Figure 71 that we have two different types 



Fig. 71. A. Differences of national rainfall between first and second 
halves of tlie year, by scale at left, where positive values show excess 
in inches in first half of year; negative values show excess in second 

half; smoothed by fonnula B. Sunspot 

numbers by scale at right. 

of variation to deal with. In the first case, the variations in the 
sun s heat get immediate response from the continent and resist- 
ance from the oceans. This produces the 11-year variations. In 
the second case, the oceans slowly respond to long-term changes. 
This produces a slow but steady change or trend in rainfall 
over a longer period of years. This will be discussed further in 
Chapter XVI. 

As we have noted previously, the temperature differences which 
carry rainfall into the interior of the United States in late winter, 
spring, and early summer are owing to ( 1) the sun's heat and (2) 
the lag of ocean temperatures. The temperatures of the Pacific 
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rise in the spring and fall in the autumn at a much slower rate 
than the temperatures of the continent in the same latitudes. In 
the same way, the temperatures of the Atlantic and Gulf also 
rise and fall at a slower rate than the continent. The Atlantic and 
Gulf, especially the latter, are smaller than the Pacific and con- 
sequently their temperatures change more rapidly than the Pa- 
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Fig. 72. Differences in pressure between first and second halves of 
year at Portland, Oregon, 1901 to 1912. Positive values show higher 
pressure in first half tlian in second half, and vice versa. Scale at left 
gives differences in thousandths of an inch. Smoothed by foimula 
given under Figure 71. 


cific but less rapidly than the continent. Furthermore, there is a 
variation in temperature between the eastern and western parts 
of the oceans (see Fig. 77). These varying temperature differ- 
ences between the two oceans (and the Gulf of Mexico) intro- 
duce a secondary effect which is evident chiefly in changes in 
the seasonal distribution of the rainfall in the area east of the 
Rockies. 

As an example. Figure 73 shows at A the rainfall at Chicago in 
April; at B the difference in yearly rainfall amounts between Gal- 
veston and Chicago and at C the differences in yearly tempera- 
tures between Portland, Oregon, and Bermuda. It will be seen 
that at or shortly after the time of maximum sunspots shown by 
an X on the bottom line of the diagram, there is relatively more 
rain at Chicago. That this is caused partly by the lagging tem- 
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perature diflFerences between the two oceans is hinted in the third 
curve (C). (See also Figs. 60 and 86.) 

When sunspots are numerous, more of the rainfall tends to go 
to the interior, including the Great Plains. The swing back and 
forth between the coast and the Southern Great Plains is illus- 


Fig. 73. A. Rainfall in inches at Chicago in April by scale at upper 
left. B. Differences between April rainfall in Chicago and Galveston 
by scale at right, where positive values indicate more rainfall at 
Chicago than Galveston and negative values more at Galveston. C. 
Differences between annual temperatures at Portland (Oregon) and 
Bermuda, where Bermuda was warmer than Portland by amount 
shown on scale at lower left in whole degrees ( F. ) X on the bottom line 
indicates maximum sunspots. O indicates minimum sunspots. All values 
are smoothed by formula given under Figure 71, 


trated in Figure 74, showing at A the differences in yearly rain- 
fall amounts between Galveston, on the coast, and Amarillo, in 
the interior, of Texas (Abilene for the years prior to the begin- 
ning of the Amarillo record); and at B the sunspot numbers re- 
versed. At high sunspottedness, the Southern Great Plains get 
relatively more rain. The difference is very important, with a 
range of nearly 10 inches per year. But there are definite indica- 
tions that when the increase in the sun s heat is unusually great, 
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or when the oceans are relatively colder than usual at time of 
maximum sunspots, the rainfall is diverted still farther into the 
interior, and the rainfall at Montreal, for example, is much moie 
than in the Great Plains and Central Valleys. (Chapter VI.) 

This shows how the sun can "pick out” certain areas at certain 
seasons for increased rainfall while adjoining areas have droughts. 
But the reaction between continent and oceans is complicated. 
There is no evidence to show that we should expect regular cy- 
clical variations in rainfall at every place in the world, or even 
anywhere except locally, and then only under favorable condi- 
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Fig. 74. A. Differences between annual amounts of rainfall at Galveston 
and Amarillo (Texas). The scale at left shows excess in inches at 
Galveston. Abilene records ( A' ) are used prior to Amarillo records, in- 
dicated by dashed line. Data were smoothed by formula given xmder 
Figure 71. B. Sunspot numbers, inverted, as shown by scale at right. 

tions which may be temporary. The relation is best shown by 
taking differences* of rainfall between two places as a measure 
of the distribution. The broad pattern is controlled by reactions 
of sun, continents, and oceans; and the timing of these reactions 
is variable, owing to the different lag effects of the oceans. The 
reaction between the two hemispheres is also involved. 

In all of these curves, the amount of rainfall involved is ex- 
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tremely important. For example, in the Chicago April rainfall 
curve (Fig. 73) the extreme variation is about 3 inches, which is 
roughly equal to the total rainfall at Chicago in an average April 

The varying rates of response of the continents and oceans give 
us rainfall variations that do not follow exactly the sunspot cycles, 
but the rainfall curves of the United States, if analyzed properly, 
seem to fit the broad pattern. Perhaps we can watch the sunspots 
and predict what our rainfall will be. It may be possible when 
we know more about it. In the past we have been as badly con- ^ 
fused about sunspots as on the drought question. As long as we 
tried to explain every local or temporary drought in the United 
States, we were lost in confusion. Students of weather changes 
have studied local weather records and sunspots and have be- 
come confused and discouraged. We must examine the weather 
records again, omitting details for the present. We must find the 
main facts in the broad picture. 

An Englishman named Harriot has been credited with discov- 
ering on December 10, 1610, that there are spots on the sun.^^ 

Galileo published his paper on sunspots in 1613. Later it was 
found that the numbers of these sunspots vary in a cycle 
of about eleven years. After more observations were made, 
the period was found to average slightly more than eleven years. 

Actually, the period varies, going as low as seven years or as high 
as fifteen years. The discovery of the sunspot cycle brought forth 
the idea that the temperatures on the earth should vary with the 
number of spots, and many scientists enthusiastically assembled 
temperature records to prove it. There was great hope that it 
would be possible to predict the weather far in advance. The in- \ 

vestigators expected to find that at maximum sunspots, when the ; 

sun is hottest, the atmosphere would be warmer. With few spots | 

and a cool sun, the atmosphere was expected to be cooler. To 1; 

their astonishment, they found that the opposite was true. At the I 

surface of the earth, where we have all our long weather records, | 

28 Some old Chinese records mention sunspots as early as the beginning of | 

the Christian Era and a few references occur in the records of European 
mediaeval times. For Harriot's record see C. E. P. Brooks, Climate through . | 

the Ages, I 
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more sunspots bring lower temperatures and fewer spots bring 
higher temperatures. This fact is fully supported by records in 
the tropics, where there are fewer violent changes in the weather 
than in the latitude of the United States. A hot sun makes a cool 
earth, and vice versa. 

This and other complications proved to be so discouraging that 
nearly everybody abandoned the idea that there might be any 
direct relation between sunspots and weather. Today there are 
few workers in this field. 

Sunspots (Fig. 3) represent only one activity in the sun. There 
are other evidences of solar activity, such as prominences, mag- 
netic activity, faculae, and the corona. Records of sunspots are 
available for a long period of time. The other evidences of solar 
variation seem to follow somewhat the same course, but the rec- 
ords are by no means so extensive. 

Although the number of sunspots varies over a period of about 
eleven years, this is the smoothed result of all the observations. 
From day to day and month to month there are shorter-period 
variations. Abbot and Clayton have discussed some of the 
shorter-period variations in the sun and the weather on the earth. 
The relations are complicated and difficult to follow through 
from cause to effect. Much remains to be done, both in obtaining 
records of the sun s variations and in tracing the effects in the 
earth’s atmosphere. 

In the study of drought we can smooth out most of the shorter- 
period changes in sun and weather. Drought takes considerable 
time to develop. In that respect it differs from most other changes 
in the weather. If we can understand the effects of the ll-year 
variation in the sun we will have a good basis for understanding 
the longer and shorter variations. 

Why should a hot sun make a cool earth? A number of meteor- 
ologists have offered a simple answer to this question. Some con- 
sider it too simple to be acceptable. We can put it this way: A 
farmer comes into a cold room and starts a fire in a stove. Heated 
air from the stove is forced upward to the ceiling by cold air in 
the room. The warm air spreads out along the ceiling. Cold air 
flows along the floor toward the stove to replace the warm air 
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the equatorial regions. It flows toward the poles in the upper air. 
Soon it becomes cold and begins to find its way back toward the 
equator over the earth's surface, just as the cold air in the room 
comes back along the floor toward the stove. 

Figure 75 shows at A the yearly temperatures at Bismarck, 
North Dakota, from 1875 to 1944. C is the inverted sunspot curve. 
North Dakota is in the area where cold air comes southward in 
the great channel east of the Rockies. Every time the sunspots 
increased it became colder at Bismarck. Figure 75 at B shows the 
same thing for April at Bismarck. When sunspots go up the tem- 
perature in the area goes down. The people at Bismarck "‘feel a 
cold draft from Canada." 

Of course, there are some irregularities, and the curve had to 
be smoothed to show this regular result. But the April curve 
shows that this “draft from Canada" is important. April tempera- 
tures go up and down by several degrees. Most of the time they 
stay well above freezing, but in cold years the temperature is 
likely to go below freezing, and occasionally they drop belov/ zero. 

In the center of the continent (Bismarck) we see that a "liot 
sun makes a cool earth." This rule also applies to the lower 
stratum of air over much of the earth. When more air goes up in 
the equatorial regions more air must find its way back from pole 
to equator at the surface. 

The farmer knows that when the fire in the stove begins to die 
down, and the air in the room has become warm and the coals 
burn low, the draft on his back becomes weaker and he is com- 
fortable without holding his feet to the fire or standing with his 
back to the stove. When sunspots become fewer, the air at the 
earth’s surface feels warmer. We know that this change also af- 
fects our rainfall. We need a certain amount of cold air from 
Canada to make rain. Conditions may be favorable, except that 
the great Pacific Ocean sometimes lags behind. It will be interest- 
ing to take another look at this ocean-temperature relation before 
going further with the discussion of sunspots and rainfall. 
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We have seen Iiovi^ high Pacific pressures and relatively cold 
ocean waters accompany drought, and we have looked at some of 
the processes which account for failure of the rains. The next 
question is: What makes the oceans colder in some years than in 
other years? 

Warm air does not make the ocean wann; cold air does not 
make the ocean cold. The heat required to raise a cubic foot of 
water one degree is more than 3,000 times the heat required to 
raise a cubic foot of air one degree. Therefore, the temperature 
of the air has very little direct influence on the temperature of the 
oceans. On the other hand, air which blows over the ocean soon 
takes on the temperature of the ocean surface. If cold air blows 
out over a waim ocean, the air quickly becomes warmer and is 
forced upward by colder air which in turn becomes warmer and 
is forced up. When warm air blows out over a cold ocean, it gets 
colder and heavier and tends to remain close to the ocean surface. 

Although air temperature has little effect on the oceans, air 
movement causes important changes in ocean temperatures. Wind, 
especially when strong, makes waves and mixes the warm surface 



Fig. 76. Strong winds mix the waters of the ocean and distribute the heat to considerable 
depth. (U.S. Navy photo) 
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water with cooler water below the surface. (Fig. 76.) Fufthei- 
more, in the Northern Hemisphere, winds from southerly points 
cause ocean currents which carry warm water to higher latitudes. 
This water is much warmer than its surroundings. The Gulf 
Stream is an example. \Vmds from northerly points cause ocean 
currents, such as the California current, which carry cold water 
toward the e(^uator. This water is much cooler than its sur- 
roundings. 

The sun influences the temperature of the oceans not only by 
heating the surface waters but also by causing winds which pro- 
duce cold and warm ocean currents, and mix the waters, redis- 
tributing the heat. The ocean currents have a profound effect on 
the rainfall. (Figs. 7, 10, and 36.) But it is relative temperature 
that is important. The oceans get colder in late winter and warmer 
in late summer, lagging behind the continents by a month or 
more. But compared to the continents, they are relatively cool in 
summer and relatively warm in winter. 

In Chapter XII we saw that when the sun s heat increases, it 
causes an increase in the circulation of the earth’s atmosphere. 
This may cause an increase in the circulation of ocean currents 
and, temporarily at least, make cold currents colder. It may cause 
warm currents to be warmer, but land temperatures will still rise 
more rapidly, and the ocean will be relatively cool. Vigorous winds 
will mix the ocean waters more than gentle breezes, and this 
mixing also will tend to make the surface of the ocean cooler. 

If stronger winds continue over the oceans in the belt of pre- 
vailing westerlies in our latitudes, they will carry warm waters 
northward and eastward more rapidly than usual. The eastern 
parts of the oceans will tend to become wanner except where 
strengthened cold currents keep the temperature down temporar- 
ily. The western parts of the oceans will become relatively colder. 
As increased solar radiation continues, the entire ocean becomes 
slowly warmer. There is very Httle accurate information with 
which to check these ideas. In Figure 73 we already have seen 
the variations of the yearly temperature differences between 
Portland and Bermuda. The temperature variations in the average 
sunspot cycle (E) are shown in Figure 77 for Bermuda (A) and 
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Lisbon (B), and for the diflFerence between the two (C) and the 
sum of the two (D). The variation in sunspot numbers in the 
average cycle is shown by the dashed line (E). In (A) we see 
that after sunspot minimum Bermuda becomes cooler for two 
years and then warmer for four or five years. This shows a lag of 
about two years after sunspot minimum before the temperature 
begins to rise and a similar lag after sunspot maximrrm before the 
temperature begins to fall. On the eastern side of the ocean, Lis- 
bon (B) shows little change for the years after the sunspot 
miirimum and then becomes warmer for five or six years. The 
difference between the two (C) decreases for four years, rises 
for two years near the sunspot maximum, and then falls again. 
During these four sunspot cycles ( 1878 to 1923), the temperature 
at Bermuda was progressively decreasing, approaching that of 
Lisbon. The general temperature trend in the western North 
Atlantic was downward. 

Although these are coastal locations, they give indirect evidence 
of changes in ocean temperatures. There seems to have been a 
series of temperature oscillations between the eastern and western 
parts of the Atlantic Ocean. Japanese records in conjunction with 
records from the Pacific Coast of the United States show a simiLr 
series of oscillations between the eastern and western parts of the 
North Pacific. Petersen found that deviations in surface temper- 
atures in the North Atlantic Ocean have a well marked tendency 
to swing about an axis in the center of the ocean at about 40° 
west longitude in such a way that temperature deviations have an 
opposite sign to the east and west of the axis. Helland-Hansen and 
Nansen found the same effect in their studies of North Atlantic 
temperatures; “It seems clear that in the surface temperature of 
the Atlantic Ocean several periods occur for which one of about 
three years is notable and also a longer period which corresponds 
with the sunspot period. The temperatures vary in these periods 
in the middle part of the ocean oppositely to the sunspot numbers, 
while in the eastern parts they increase more or less directly.” 

In ( D ) of Figure 77 we see that the temperature of the Atlantic 
as a whole (as represented by the sum of temperatures at Ber- 
muda and Lisbon) followed the sunspot cycle (E) but with a lag 
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SUNSPOTS 
(DASHED LINE) 


Fig. 77. Smoothed temperatures data for averages of four sunspot cycles beginning in 
1878, 1889, 1901 and 1913 for: A, Bermuda; B, Lisbon; C, difference between Bermuda 
and Lisbon; and D, sum of Bermuda and Lisbon; E, average sunspot niunbers, dashed 
line. Scales at left show temperature (F.) in degrees and tenths. Data smoothed by 
foimula given under Fig. 71. 
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of about two years behind sunspot minimum and a lag of about 
three years after sunspot maximum. 

The diflEerences in annual temperatures (18734930) between 
Bermuda and San Diego are shown in Figure 78. ^Ve see several 
broad Gscillations of the type which seem to be caused by lagging 
ocean reactions to solar changes in the sunspot period. Here we 
see the western Atlantic (Beimuda) becoming progressively 
cooler with reference to the eastern North Pacific (San Diego). 
Such a change would cause more rainfall in the interior of the 
United States for a period of years. The cooler Atlantic would 
cause the rain to go into the interior and the warmer Pacific 
would cause more frequent cold air from Canada to produce 
piecipitation. If this progressive change would continue long 
enough, the rainfall in the United States would cease to increase 
and would finally begin to diminish, because the cooler Atlantic 
temperatures would cause the moist currents to go still farther 
inland, with more rain in Canada and less in southern and south- 
eastern coastal sections of the United States. The progressive 
changes described above represent approximately what has been 
happening in the United States since the beginning of the national 
rainfall records shown in previous chapters. 

1880 1890 1900 f9IO 1920 1930 



Fig. 78. Smoothed annual temperature differences between Bermuda 
and San Diego. Scale at left shows excess temperature of Bermuda 
over San Diego in whole degrees (F.). Smoothing formula given under 
Figure 71. At top of diagram, X's show times of maximum sunspotted- 
ness; Os show times of minimum sunspottedness. 
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When we begin to exanaine ocean temperatures we find the 
same sort of confusion that we found in the case of drought and 
sunspots. There is much conflicting evidence. 

It has long been known that the Florida current, the Gulf 
Stream, and the relatively warm North Atlantic Drift have a 
profound influence on the climate of Europe. The prevailing 
westerly winds carry warmth and moisture from the Atlantic to 
western and northern Europe in winter and also act in summer to 
prevent extremely high temperatures there. The winters, more 
than other seasons, are responsible for variations in the yearly 
average temperatures, and it is much warmer on the average in 
western Europe than in the same latitudes in the eastern parts of 
the United States and Canada. 

Before 1900 there was much speculation about the effect of 
changes in the Gulf Stream on the weather of Europe. This was 
a matter of such importance, especially to the people of northern 
Europe, who live in the same latitude as Labrador and southern 
Greenland, that there was a strong incentive to study the temper- 
atures of the Atlantic and find a basis for predicting the weather 
well in advance. First it was necessary to collect information on 
ocean temperatures. 

We learn about the temperatures of the oceans chiefly from 
observations taken on board merchant ships while they are on 
regular voyages across the oceans. In past years there have been 
two methods of getting ocean temperatures on shipboard. The 
first method is to throw a bucket overboard and draw in a sample 
of the surface water. The temperature is taken by holding a 
thermometer in the water until it comes to the water temperature. 
There are several objections to this method. One is that the wind 
over the sea and the wind caused by the ship’s motion induce 
evaporation and cooling while the sample is being taken. By the 
other method, a thermometer is placed in the intake which brings 
water to the ship’s engines so that the temperature of the water 
can be measured as it comes into the ship. One trouble with this 
method is the variable depth of the intake of ships. Some are close 
below the surface while larger ships have the intake far down in 
the water. The depth also depends on the weight of cargo. 
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The advantages and disadvantages of these two methods have . 

been the subject of long discussions without any definite conclu- ' 

sions. The truth is that the only really accurate way to get ocean t; 


temperatures is by using specially equipped vessels on oceano- 
graphic expeditions, but this is an almost impossible task so far 
as the ocean weather problem is concerned. The oceans are vast, 
and a few oceanographic expeditions provide interesting but 
only fragmentary data. 

Beginning about 1900, European scientists enthusiastically ex- 
amined the accumulated ocean-temperature observations from 
ships in the Atlantic, trying to find a correlation with European 
weather. Many long and technical works were written. Endless 
contradictions increased the confusion. The problem has not yet 
been solved satisfactorily. 

One of the facts that bothered the investigators was the cold 
Atlantic water in 1903 and 1904. There seemed to be no good 
reason why the North Atlantic should be so cold at that time. The 
depression of temperature was greatest in the western part of the 
North Atlantic. The northwestern part of the ocean has a cold 
Labrador current which comes into contact with the Gulf Stream 
near the Grand Banks of Newfoundland. This current carries 
much cold water and ice. (Fig. 103.) There was an uncommonly 
large amount of ice in this current in 1903. But the evidence was 
not clear that this current caused the temperature depression. 

Helland-Hansen and Nansen made one of the best reports on 
the subject. A reprint containing more than 400 pages was pub- 
lished in 1920 by the Smithsonian Institution. The authors con- 
cluded that "the winds are the principal cause of temperature 
variations on the surface and in the air upon the North Atlantic.” 
They found that at times the wind blows more continuously than 
usual from northern directions bringing cold air masses and cold 
water southward. 

To find a simple solution we remember sunspots—and the 
farmer with his stove. The cold water was not caused directly by 
the ice, or the temperature of the air, or the Labrador current; all 
were produced by the same cause, a "draft” from the polar regions. 
In 1901 there was a sunspot minimum. There is much evidence 
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that it was an unusually cold one. In 1903 and 1904 solar radiation 
was rapidly increasing, judging by the increasing nunlber of sun- 
spots. More than the usual amount of equatorial air must have 
been coming northward at high levels in spring of those years. The 
circulation of the atmosphere was strong, and more than usual 
cold air was finding its way southward at the earths surface. 
Helland-Hansen and Nansen noted that much of the world was 
cold, and there were colder waters than usual in other parts of 
the oceans. 

While the Europeans were trying to solve their weather prob- 
lems by studying the Atlantic Ocean, meteorologists in the United 
States were not much concerned about the Pacific Ocean. We did 
not believe that our rainfall east of the Rockies could be affected 
to any great degree by Pacific temperatures. Beginning about 
thirty years ago weather students in the United States became 
greatly interested in Atlantic temperatures. Many of our investi- 
gators thought that unusually warm or cold Atlantic waters might 
affect the weather along the east coast. It turned out that the 
wind movement and not the air temperature affects ocean temper- 
atures. But it now seems that the effects of ocean temperatures 
are by no means confined to the coasts, as was thought thirty 
years ago. Ocean temperatures influence the weather profoundly 
over the whole earth. Our inquiries in the past have been entirely 
too restricted. 

There is much evidence to support the conclusion that when 
the circulation of the atmosphere becomes more vigorous because 
of changes in solar radiation, the winds tend to lower the tempera- 
ture of the ocean surface by mixing, and stronger winds increase 
the circulation of ocean waters, creating a greater temperature 
oscillation between the eastern and western parts of the ocean. 
These changes certainly affect the amount of distribution of rain- 
fall on tlie continents. 

If the variations of the sun s heat in the sunspot cycle are rer 
sponsible for changes in ocean temperatures and in all tempera- 
tures in the earth’s atmosphere, why is it that cold oceans and 
droughts do not come at fairly regular intervals like the sunspots? 
We will have to examine the weather records again. 
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If we select the years in the United States with national rainfall 
less than 95% of normal we fi^id that in the 58-year period between 
1886 and 1944 there have been fourteen such dry years, 1893, ’94, 
’95, 1901, 10, 17, ^24, ’25, "SO, ’33, ’84, ’36, and ’43. If we con- 
sider the groups ’93-’95, ’24-’25, ’30-31, and ’33-’36, each as a 
single especially persistent drought, we have a total of nine 
droughts in the period beginning in 1894 and ending in 1943, 
averaging one every five or six years. But there has been little 
regularity. Some drought years have come close to the top of the 
sunspot cycle (1893 and 1917), some near the bottom (1901 and 
1933), some with increasing spots (1925 and 1936), and some 
with decreasing spots (1910 and 1930). No matter how we select 
the years or how we group them, we see no obvious relation to 
sunspots. We know that the distribution of rainfall is related to 
solar variations (Chapter XIII), and that cold or relatively cold 
Pacific temperatures and national droughts are associated, but it 
appears that national dry years come and go at randoms " 
Random variation in Pacific temperature and occurrence of 
drought seems to be entirely contrary to everything we know 
about the reaction of the atmosphere to seasonal and other 
changes in the heat received from the sun. Let us look at the 
records again, but first it may be wise to go once more into the 
cold room with the farmer and the stove. Let us suppose that the 
coal stove has been replaced by a gas stove which can be turned 
up and down. At the proper time we shall put a pile of ice at the 
side of the room opposite the stove. The ice represents the north 
pole and the stove will do for the equator. We suppose that the 
stove will heat the room perceptibly in a few minutes, and the 
room will cool perceptibly in a few minutes after the stove is 
shut oflF. To compare with the sunspot cycle we shall consider the 
time to be 11 minutes. The notes regarding our experience with 
the farmer in the room might be as follows: 
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0 Minute. The room is distinctly cold-a still cold-with very 
little air circulation. 

T Minute. The stove is turned on with a low fire. It feels slightly 
more comfortable both from radiation of heat from the stove and 
slight increase of temperature of the air. 

2 Minutes. The stove is turned up a little and it feels slightly 
wanner* 

S Minutes. The stove is turned up more. We feel a little warmer 
but we note a draft cross the floor toward the stove. 

4 Minutes. The stove is turned up more. There is a distinct 
movement of cool air across the floor toward the stove carrying 
the warm air away from us. We turn our backs to the stove and 
hold our hands behind us. It is not so warm. 

5 Minutes. The stove is going full blast. There is a stronger draft 
toward the stove and the air it brings feels slightly cooler. 

6 Minutes. The stove is turned down a little. The draft has 
decreased a little. The air feels warmer. 

7 Minutes. The stove is turned down a little more. The draft 
subsides somewhat. The air in the room is warmer. 

8 Minutes. The stove is turned off. The draft diminishes. The 
air feels warmer. 

9 Minutes. The air feels slightly cooler. 

10 Minutes. The air is definitely cooler. There is a slight draft 
from the direction of the ice. 

11 Minutes. The room has cooled to its original temperature. 

Looking back over these notes we see that we felt warmer in the 
Srd minute and again in the 8th minute, and we felt colder in the 
5th minute and again in the 11th minute. There was a double 
effect which was the combined result of changing air temperature 
and the change in air circulation. While the air temperature in the 
room actually might not show all these variations, we would feel 
these changes, just as the oceans do not become much colder, but 
circulation and mixing produce such an effect relative to the con- 
tinental temperatures. 

March is often cold and windy as the sun crosses the equator 
coming northward, and although September is likely to be warm 
and quiet as the sun crosses the equator going southward, it 
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generally becomes cold and windy again by November. In the 
same way we may find a change in air circulation and rainfall in 
the 11-year cycle. Figure 79 shows at A yearly pressure differences 
between Portland and San Diego from 1886 to 1944, smoothed, 
and at B the national yearly rainfall (inverted scale) 1886 to 1944, 
also smoothed.^® Here we see an irregular variation averaging 
about 5 or 6 years. Each point marked D indicates a national dry 
year or the beginning of one or more dry years in succession. 
(See also Fig. 80.) 

This suggests the following ideas. Increasing sunspots and in- 
creasing solar activity in the sunspot cycle cause a more vigorous 
circulation in the spring of the year. The increased circulation, 
together with the more rapid rise of temperature over the con- 
tinent than over the ocean, causes the Pacific high to be espe- 
cially strong. Increased circulation causes stronger ocean currents, 
mixes the ocean waters, and eventually brings cooler water south- 
ward into the region west of California. The ocean as a whole is 
actually getting warmer, but the motion of the wind and water 
makes it relatively cooler, like the 5th minute in front of the 
farmer s stove. 

As solar radiation diminishes, the ocean finally gets cooler; and 
once again the Pacific high builds up. It seems to depend on the 
rate of change in solar radiation. 

For the time being, this must be regarded as mainly guesswork. 
We do not have enough observations from the Pacific Ocean to 
treat the problem accurately. But we can examine the records to 
see if the rainfall of the United States is in agreement. 

We may expect two conditions. First, if our idea is correct, the 
relative coolness of the Pacific which comes with increasing solar 
radiation will develop in the spring when the sun is coming 
northward and will continue into summer as the ocean circula- 
tion persists. Second, if the ocean actually becomes cold in high 
latitudes because of diminishing solar radiation, this will occur in 
autumn and winter and may even persist into spring. But it will 
not persist into summer, because in decreasing sunspot years the 
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Fig. 79. a. Annual pressure differences between Portland and San Diego, smoothed — b'. Scale at left shows differences in 

O 

thousandths of an inch. Positive values indicate Portland pressure higher than San Diego pressure, and vice versa. B. National 
rainfall in per cent of normal, smoothed in same manner as A. Scale at right is per cent of normal. Letter D at bottom indicates a 
dry year with rainfall less than 95 per cent of normal, or the beginning of a series of one or more such years. Variations in A indicate 
changes in intensity of the Pacific high. See Figure 83. 
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sun will be lelatively weak, and the continent will not be so warm 
compared to the ocean as in increasing sunspot years. 

Figure 80 shows at A national rainfall, smoothed, for the 
montlis of April and May. Times of sunspot maxima are shown 
by Xs at the bottom of the diagram; sunspot minima by Os. 

Here we see that rainfall diminishes as sunspots decrease. At B we 
have the national rainfall for September, at the end of the period 
of development of the summer high off the Pacific Coast. Here 
we see that rainfall diminishes as sunspots increase and that rain- 
fall is deficient at and a year or two after sunspot maximum. At 
C we have the differences between the national rainfall in spring 
(April and May) and in early autumn (September). Here we 
see an extraordinary effect of solar variations in tlie sunspot cycle. 

These smoothed variations average 20% or more of the national 
rainfall, and the extreme ( curve C of Fig. 80) swing is more than 
one-third of the national rainfall. 

This suggests that there are two kinds of droughts on a na- 
tional scale. One kind develops in summer and autumn in years 
when solar radiation is great or rapidly increasing, and the other 
kind develops in winter and spring in years when solar radiation 
in the sunspot cycle is low or rapidly diminishing. In the colder 
half of the year droughts develop on the Pacific Coast as rainfall i 

diminishes there, and at the same time or in the following year 
they may spread across the United States. In the wanner half of 
the year we cannot see droughts developing on the Pacific Coast, ; 

since there is very little rain there in summer under any conditions. 

We have a relatively short rainfall record to use in checking 
these ideas, but there is another way of finding out. Rainfall 
variations are shown by the rings in the big trees of California 
and Arizona and also in other parts of the world. Tree rings give 
us some data extending back more than 3,000 years. A few of the 
trees now living were youiig saplings at the time of the great 
drought and famine when Joseph was in Egypt and during the s 

Exodus of the Hebrews. Certainly many of these trees were living j 

during the days of the Roman Empire, and still more in the sue- 1 

ceeding centuries of early European history. I 
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Douglass^® pioneered the important work of studying tree rings 
to get an estimate of the rainfall in past centuries. His studies of 
tree rings began in Arizona in 1901. In later years he studied 
trees in other areas, particularly in Europe. Huntington®^ also 
made important investigations in this field. 

Space does not permit a full discussion of the methods of 
measuring rings or of correlating them with rainfall. The facts 
are briefly as follows: The growth of the tree is usually shown by 
a ring for each year. (Fig. 81.) The year of growth is considered 
to begin in the autumn. When rainfall is plentiful the annual rings 
are large; in dry periods they are small. The corresponding rings 
of different trees can be identified, that is, a ring in one tree in 
the year 1800 can be identified by a ring in the same year in 
another tree. These rings show the ll-year solar cycle. 

Figure 82 by Douglass shows smoothed records of sunspots and 
growth of Arizona pines with a cycle one-half the sunspot cycle.®- 

There is a great deal of evidence that there are two principal 
temperature and rainfall variations during the 11-year sunspot 
cycle. They are caused by seasonal changes in the circulation of 
the atmosphere combined with solar variations. Turn again to 
Figure 80. If we consider the April-May rainfall and the Sep- 
tember rainfall separately we see that the effect on the annual 
rainfall at any one place will be a tendency toward double varia- 
tion; these two variations may combine in the annual amounts to 
give us two maxima and two minima in each sunspot cycle. It 
varies, of course, with tire rate of change of sunspots and the 
length of the sunspot period. 

There is good reason to look for a national dry year about once 
every five or six years. When rainfall tends to be generally defi- 
cient, we have two or more dry years in one spell; and when rain- 
fall is generally heavy, the drought is less serious. We have had 
droughts in 1886-87, 1893-95, 1899-01, 1904, 1910, 1917, 1924-25, 

so Douglass, A. E., Climatic Cycles and Tree Growth, Publication No, 289, 
Carnegie Institution of Washington, 1919. 

51 Huntington, Ellsworth, The Climate Factor, Carnegie Institution of 
Washington, 1914. 

52 The tree rings show a 5^-year cycle owing to rainfall sub-oscillations, as 
explained in Chapter XVL 
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Fig. 81. Section of Scotch pine from Eberswalde, Prussia, showing annual 
rings. Arrows point out indications of the solar cycle. ( By permission of 
Carnegie Institution of Washington) 

1930-31, 1934-36, 1939, and 1943. The average interval is 5.65 
years, which is very close to one half the sunspot period; but 
there is much irregularity. 

Because of lack of data from the oceans and the polar regions, 
the explanation cannot be fully established. The circulation of the 
atmosphere provides good reasons for a cycle equal to about half 
the sunspot period. First we have increasing heat with the tropics 
getting warm more rapidly than the polar regions; and second, 
we have decreasing heat with the polar regions getting cold more 
rapidly than tlie tropics. The circulation is driven by relative tem- 
peratures. When the temperature contrast is great, the effect is 
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Fig. 82, Growth of Arizona pines (upper curves) in a cycle one half the 
sunspot cycle (lower curves). (By permission of Carnegie Institution of 
Washington) 

the same regardless of the direction of absolute temperature 
change. This produces a quickening of the circulation®^ twice 
duiing tlie sunspot cycle. Because of the several variable factors, 
including variations in the solar cycle, the seasonal effects, and 
the lag of ocean temperatures, we can hai’dly expect great regu- 

33 In discussing variations in the strength of the circulation of the atmos- 
phere, it is assumed that when the temperature contrasts between the equator 
and the polar regions are greatest, the circulation is strongest, and vice versa; 
and also it is assumed that both the meridional circulation as shown in Figure 
66 and the horizontal circulation as shown in Figure 68 are affected in the 
same manner, but this second assumption is by no means satisfactorily dem- 
onstrated. It is probable tliat in the usual sequence of events the meridional 
circulation increases first, accompanied by a temporary ^‘choking'' of the 
horizontal circulation over the relatively cold surface (continent or ocean, 
depending on the season) and that the increase in the horizontal circulation 
( west-to-east in the prevailing westerlies) does not become fully established 
until the returning surface branch of the meridional circulation has reached 
the tropics. The surface branch reaches the tropics through an intensification 
of the trades (summer) or an intensification of the continental anticyclone 
(winter). At present the nature of these processes is almost altogether a 
matter of speculation. 
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larity. The complications are obvious when we realize that the 
rise of solar radiation in a new cycle, short or long, may begin 
while tlie sun is south of the equator, north of the equator, or 
crossing the equator in either direction, and that each of these 
events would bring a slightly different sequence of conditions in 
the ensuing years. Add to this the variability in the length of the 
sunspot period and the probable variations in actual intensity of 
solar radiation, and we have a difiScult problem. But the main 
features of the rainfall variations are beginning to emerge. 

The complete solution of this problem will have to wait until 
more data are accumulated. In the meantime, we can watch the 
rise and faU of our national rainfall from year to year and feel 
confident that it certainly is not just a random combination of 
rainless or rainy days. We may hope for a better understanding 
' in the future. 


XVI. TRENDS AND OSCILLATIONS 
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Although there are certain variations in the distribution of 
I temperature and rainfall which appear to be caused by changes 

i in solar activity, the changes of temperature and rainfall from 

i year to year in any one place appear to be quite irregular, with 

no clear relation to the number of sunspots. But further study has ! 

; brought out certain characteristic features which are found in 

I temperature and rainfall data in all parts of the world. For ex- 

ample, consider the annual temperatures at Bismarck, North Da- 
kota, near the center of the North American continent. The av- 
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erage annual temperature at Bismarck during the period from 
! 1875 to 1944 was 41°. In Figure 83 the irregular line A shows the 

i temperature (unsmoothed) at Bismarck for each year during this 

! period. It will be noted that there were exceptionally high yearly ; 

I temperatm*es in 1878 and in 1921; and in general after 1930 the j 

temperature was high. Incidentally, there were widespread 
droughts in many parts of the world in 1921 and in 1877-78. The t;, 

year 1921 was a dry year in the United States but 1878 was not. 

The years from 1930 to 1939 were dry in the United States. i 

The simplest form of smoothing was used to get the Bismarck , i 

temperature data for the curve marked B. The average tempera- j , 

ture for each successive pair of years was assigned to the second I 

year of the pair. For example, the average temperature for 1875 ? 

and 1876 at Bismarck was plotted for 1876; the average for 1876 | ; 

and 1877 was plotted for 1877, etc. ' 

I With some of the irregularity removed by smootliing, in curve ; ■ 

{ B we see rather clearly a double variation with a strong tendency ; I 

I for two maxima and two minima in the sunspot cycle. The dashed i! i ! 

I vertical lines are drawn through years of, maximum sunspots. , 

: The tendency toward two maxima in curve B between each pair | 

I of these dashed lines is clear. Some of the variations from vear to 1/ : 

I year (curve A) are caused by such occurrences as severely cold i;' 1 

i weather which may come before or after midnight of January 1, I ■ ; 

■ ' " ' ' ' 
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thus giving proportionately greater weight to one year or the 
other. 

In curve C the type of smoothing used for the Bismarck tem- 
peratures is designed to remove tire effects of the double cycle 
and show more clearly the relation to the full sunspot cycle. The 
formula used is a-+2b+2c+2d-+2e+ f derived by 

this method of weighting 6 successive values is assigned to the 
fourth year, 

Here (C) we have a definite variation corresponding to the 
sunspot variations (E) with lower temperatures at or slightly 
after sunspot maximum and higher temperatures at sunspot mini- 
mum. But there is another variation which is now very clear. It 
is the slow trend upward throughout nearly all of curve C. 

Curve D in Figure 83 is derived by taking the average tempera- 
tures for eleven successive years at Bismarck and using that aver- 
age as the value for the last year. For example, the eleven yearly 
temperatures from 1875 to 1885, inclusive, are averaged and the 
average is plotted for 1885. This method places each average 
about 5/2 years later than its actual mean position in time, biit 
this is the usual practice in plotting 'moving averages/' as they 
are called. It will be seen in curve D that the double variation 
appears again, as this type pf smoothing tends to remove the 11- 
year variations but not the fairly regular shorter-period variations. 

In curve D the main feature is a progressive rise in temperature 
from about 1885 to 1944. Actually this rise takes place from 
about 1880 to about 1939 if we consider the values assigned to 
their approximate mean positions. Such trends occur in all parts 
of the world; and when properly identified in their relation to 
continental and oceanic influences, they seem to be in harmony 
with the theory that they represent the effects of long-term 
changes in solar radiation modified by the lag effects of the 
oceans. Evidence of such trends may be seen in Figures 71, 73, 
74, 78, and 80. 

In meteorological literature there is no standard terminology 
for these several types of variations. For the sake of clarity, we 
must establish a suitable, terminology. In Figure 83 there are 
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variations from year to year which are more or less irregular. 
Some of these are caused by the seasonal changed which combine 
to make the annual values; and as previously remarked, there are 
also some irregularities caused by the division of winter at mid- 
night between December 31 and January 1. Part of the same 
winters temperatures are used in two different calendar years. 
All of these variations from year to year will be included in the 
general term 'variation/' as it is used in this book. Variation re- 
fers to any kind of change/without regard to its cause or nature. 

In curve B of Figure 83 we see a distinct type of variation 
which is irregular but has roughly a period of five or six years. 
It seems to be approximately half the sunspot period. It appears 
rather definitely that (Chapter XV) the rise of solar radiation 
with increasing sunspottedness causes equatorial temperatures to 
rise faster in spring than temperatures in the polar region, where 
the rays of the sun are not effective until about the vernal equi- 
nox. The sun does not come above the horizon at the North Pole 
until late in March. The hotter the sun is, the greater is the tem- 
perature contrast between the equator and poles at this season. 
This in turn causes a depression of temperature at Bismarck be- 
cause of the surface return of air from the north, the "draft" from 
Canada. 

The second variation in each sunspot cycle is evidently caused 
by decreasing or low solar radiation with decreasing or few^ sun- 
spots. The atmosphere as a whole is losing heat. In the autumn 
and winter the polar regions lose heat more rapidly than the equa- 
torial regions. The sun is farthest north in the latter part of June 
and thereafter it approaches the equator, crossing it in Sep- 
tember going south. It is tlien directly overhead at the equator, 
but the sun is going below the horizon at the North Pole, and the 
long nights in the Arctic are beginning to merge with a sunless 
winter. During all of that time, up to late December, the polar 
regions are losing heat faster than the equatorial regions. The 
greatest contrast develops at the time when solar radiation is di- 
minishing in the sunspot cycle or is low near a sunspot minimum. 
This causes an increase in the flow of air from equator to poles 
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and a depression of temperature at Bismarck owing to the surface 

return. 

At Bismarck during nearly all of this period of record the 
surface return at sunspot maximum has been the dominant move- 
ment, and when the curve is smoothed (curve G) the secondary 
minimimi tends to disappear. 

There seem to be two variations caused by the sunspot cycle, 
and the greatest effects will come in years when the rate of rise 
or fall is greatest. If there are pronounced irregularities, the re- 
sult will be different. For example, if the increase in solar energy 
is rapid, then slower, then more rapid again, there may be two 
impulses in the first half of the sunspot cycle. Generally, the 




Fig, 83. A. Unsmootlied annual temperatures at Bismarck, N. Dak., with scale in degrees 
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(F.) at tipper left. B. Bismarck annual temperatures smoothed (- 


: b')j witli scale at 


. , ^ I 1 j ,a4-2b+2c+2d+2e4“f 

upper right. C. Bismarck annual temperatures smoothed ( — d') 

with scale at middle left. D. Eleven-year running means of Bismarck annual temperatures, 
with scale at lower right. E. Sunspot numbers with scale at lower left. Dashed vertical 
lines show occurrence of maximum sunspots. 



Fig. 84. Curves A, B, C, D, and E are the averages of values in 
curves A, B, C, D. and E of Figure 83, for five sunspot cycles begin- 
ning with a maximum sunspot year in 1883, 1893, 1906, 1917, and 
1928. Curves A and B show the cold sub-oscillation in years 1 through 
5 and the warm sub-oscillation in years 6 through 11. Curve C shows 
the full 11 -year oscillation, and curve !D shows the trend. Curve E 
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changes in sunspots, and presumably the solar variations, are suf- 
jGciently regular to produce two fairly definite sub -cycles. 

These two variations, or sub-cycles, occur at about twice tlie 
frequency of the sunspot cycle. If we use die term 'oscillation” 
to describe one complete variation during the sunspot cycle, then 
the term "sub-oscillation” should adequately describe a variation 
which is completed in about half the sunspot cycle. To differenti- 
ate between the two sub-oscillations, we shall refer to the "warm 
sub-oscillation” and the "cold sub-oscillation,” indicating increas- 
ing or decreasing sunspots. At the earths surface both are cold; 
but in the warm sub-oscillation, the temperature of the whole 
atmosphere is actually rising. The wind from north to south 
created at the earths surface makes it feel cold. 

As the oceans respond slowly to increasing solar rMiation, the 
warm sub-oscillation subsides and the air begins to feel warmer. 
The waim sub-oscillation is controlled by the oceans and is de- 
veloped chiefly in the first half of the calendar year. 

The cold sub-oscillation is dominated by radiation of heat from 
northern land areas and is developed chiefly in the second half 
of the calendar year. North-to-south motion increases again in the 
surface air. The air is colder, and cold winds blow southward. 

Figure 84 shows the curves A, B, C, D, and E of Figure 83 
averaged for the five sunspot cycles beginning at the times of 
maxima as year 1 in 1883, 1893, 1906, 1917, and 1928. The de- 
pression owing to the warm sub-oscillation is evident in year 1 in 
curves A and B, and the depression owing to the cold sub-oscilla- 
tion in year 6. Curves G and D show the trend, but C shows 
clearly the 11 -year oscillation. 

In Figure 85, A and B of Section 1 are two places in the interior 
of the continent. We can consider B to be Bismarck and A to be 
a point in Canada some distance to the northward. Suppose the 
normal temperature at A is 30% at B 40°. Let us suppose that 
during the warm sub-oscillation the temperature of the air rises 
4°. But owing to north-to-south motion, A's air with a tempera- 
ture of 34° moves down to B and colder air from farther north 
moves down to A. Actually the temperatures are A 24°, and B 34°. 
(Section 2 of Fig. 85.) The temperature of the air continues to 
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rise, but the north-to-south motion in the warm sub -oscillation 
subsides. The temperatures reach S?"" and 47° (Sections) under 
the hot sun. 

In the cold sub-oscillation the temperature of the air falls and 
the north-to-south motion results in the temperatures (26° and 
36° ) shown in Section 4. As the motion of the air in the cold sub- 
oscillation subsides, the temperature of the air rises gradually as 
shown in Section 5. Then, with the beginning of the next wami 
sub-oscillation, the air starts to flow and the cycle begins again. 

Figure 85 is simply a schematic diagram. There is no signifi- 
cance in the temperatures given. The diagram merely illustrates 
effects of air motion. 

These ideas have led to the use of the following teims: 

Variatiofi— Any change in the weather, whether regular or ir- 
regular, regardless of its cause. 

Oscillation— A variation which is completed in the sunspot 
cycle. It may have sub-oscillations. 

Warm sub-oscillation— A variation which takes place during the 
period of increasing spots in the sunspot cycle. 

Cold sub-oscillation— A variation which takes place 
period of decreasing spots in the sunspot cycle. 

Trend— A long-term variation, of the order of twenty to fifty 
years or more, which is caused by a progressive increase or de- 
crease in solar radiation more or less independent of individual 
sunspot cycles. 

Although an increase in solar radiation in the warm sub-oscilla- 
tion causes temporarily lower temperatures, an increase in solar 
radiation in the trend will cause higher temperatures in the long 
run. The two produce opposite results because tlie ocean resists 
the short-period change in the oscillation but responds slowly to 
the long-period change in the trend. 

The oscillations and sub-oscillations in the temperatures at Bis- 
marck are important. They give an indication of the flow of cold 
surface air from Canada into the United States through the north- 
ern plains; and this cold air, as we have seen, is one of the im- 
portant factors in producing rainfall in the United States. In the 
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Fig. 85. Above, Section 1, A and B are two places with normal temperatures 
30° and 40°, respectively. In Section 2, the temperature of the air mass 
rises 4°, but movement from north to south results in temperatures of 24° 
and 34°, that is, the air at A now with a temperature of 34° moves down to 
B, and air from farther north with a temperature of 24° comes down to A. 
In Section 3, the air cools slightly but the lowering caused by north-south 
movement subsides, the air heats slightly and temperatures are now 37° 
and 47°, respectively. In Section 4, the north-south component of motion 
increases and temperatures are 26° and 36°. In Section 5, the movement 
subsides and temperatures rise to 34° and 44°, after which they fall slowly 
to 30° and 40° as the warm sub-oscillation begins. The two curves in the 
lower part of the diagram show the temperature variations at A and B 
during the two sub-oscillations. In Figure 84 the depressions of temperature 
in the 1st and 6th years in Curves A and B are sub-oscillations corresponding 
to Sections 2 and 4 above. 

likelihood of drought, because persistently cool oceans lag behind 
the cold of the sub-oscillations while temperatures are rising on 
the continent. 

We have seen already (Fig. 71) that there is a variation of rain- 
fall in the United States between the first and second halves of the 
calendar year. Cold winds from the north cause rain in the half- 
year in which they predominate. During the wann sub-oscillation 
there is more rain in the first half of the year, and in the cold sub- 
oscillation there is more rain in the second half of the year. 
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When we treat rainfall on a yearly basis we observe the two 
sub-oscillations, and we find an irregular period of about five or 
six years. Droughts tend to occur at intervals between the two 
sub-oscillations, but of course they are influenced by the rate of 
rise and fall of solar radiation and the ocean temperatures. 



Fig. 86. Differences in annual rainfall between Wisconsin and Louisiana, 
expressed in percentage of tlie normal average for each state. Positive values 
show Wisconsin rainfall to be in excess of Louisiana rainfall, and vice versa 
for negative values. Values smoothed by formula given under Figure 71. 

In the midwestern part of the United States, rainfall is con- 
trolled partly by the wind circulation which arises from relative 
Pacific temperatures and partly by the north-south distribution, 
which is related to both Pacific and Atlantic and Gulf tempera- 
tures. Here again we find an oscillation and a trend. 

Figure 86 shows the differences between annual rainfall in 
Wisconsin and Louisiana. These are state averages expressed in 
percentage of the normal. Here we see the oscillations with the 
sunspot cycle, and the trend. The curve has been smoothed to 
remove sub-oscillations and shorter-period variations. Although 
the differences of temperature and pressure attending these 
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changes are slight when compared with day '-to-'day changes, the 
rainfall variations are large. In Figure 86 tlie total swing in rain- 
fall amounts to more than 25%. 

The variations in rainfall caused by the two sub-oscillations 
have appeared in the growth of trees as shown by tree rings and 
other data. They have disturbed many investigators, and the ap- 
pearance of trends in addition to sub-oscillations has given rise to 
the belief tliat there are many cycles which may or may not be 
independent of variations in solar radiation. 

The following remarks summarize the findings of some of the 
leading investigators in rainfall cycles: 

McEwen (1934) had some success in making seasonal rainfall 
forecasts for California from departures from normal of sea tem- 
peratures at La Jolla during the years from 1916 to 1934. A five- 
year cycle in California rainfall was found to be especially promi- 
nent, He thought that the greater the intensity of the high pres- 
sure area over the ocean during the summer, the greater would 
be the rainfall during the following rainy season. He used the 
ocean temperatures as an index to pressure distribution and the 
expected rainfall. 

M (1872) showed that the rainfall at tropical stations 

varies directly with the sunspots, with a maximum of rainfall at 
a maximum of sunspots. Other investigators at about the same 
time got similar results. Archibald and Hill showed that winter 
rain in India exhibits the reverse relation, that is, there is more 
winter rain at time of sunspot minimum. 

Archibald (1900) said, ''There is thus a double periodicity of 
drought and famine in North India and a single periodicity in 
South India in the sunspot cycle. . . ."" 

Schreiber (1903) found a variation in rainfall in Europe with 
the sunspot cycle but with two maxima and two minima in each 
sunspot cycle ( two sub-oscillations ) . 

Buchan (1908) found a double period (two sub-oscillations) 
in England. Hellmann (1909) found that in most cases there are 
two maxima and two minima of rainfall in the sunspot cycle. 
Wallen studied rainfall and lake levels in Sweden and came to 
the same conclusion. 


174 


TRENDS AND OSCILLATIONS 

Douglass (see Chapter XV) found evidence in tree rings of a 
double period in rainfall in the United States (two sub-oscilla- 
tions) which were best shown in the records from about a.d. 1420 
to 1670 and from a.d. 1790 to the present. (Fig. 82.) 

It has been the general conclusion that there are two sub- 
oscillations of rainfall in the sunspot cycle, but no good reason 
was advanced for the existence of such sub-oscillations. This 
rather irregular double period served to discredit much good 
work because it was not understood. There was the further diffi- 
culty that the temperature changes seemed rather small, and the 
rainfall variations were so complicated that the magnitude of 
changes of rainfall with solar variations was not fully evaluated. 

Some have thought that trends of the type shown in Bismarck 
temperatures in Figure 83C and especially the recent general 
upward trend in temperatures in the United States may be arti- 
ficial. The clearing away of the forests, cultivation of the land, 
construction of highways and airports, and the growth of cities, 
may have caused changes in the climate of the United States. 
There are now large areas with soil exposed to the sun where 
foimerly there were forests and thick undergrowth, and in these 
forested areas it was cooler in summer than at present. If these 
changes have had a significant eJffect on the climate, and espe- 
cially on the distribution of rainfall, it is obvious that man can 
control the climate. If the trends have not been caused in any 
important degree by the work of man, we must attribute them to 
progressive changes in the sun, or the temperature of the oceans, 
or the circulation of the atmosphere, or several of these influences 
acting together. These questions will be discussed in the next 
two chapters, “Can We Control the Climate?” and “Is Our Climate 
Changing?” 
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Whenever there is a serious and prolonged drought in this 
country, various questions regarding control of climate arise in 
the minds of hundreds of thousands of people who are aiBFected 
by the lack of rainfall. Nearly all of these questions are variations 
of one main question, "Can we control the climate?'' There are 
many who say that we can, and many others who say it is im- 
possible. Both answers are partially right. 

Probably the main function of civilization is to shield human 
beings from the discomforts of climatic enviromnent. We spend 
a very large share of our time in this effort. Houses, clothes, and 
fuel are basic necessities. Clothing is designed to trap a small 
part of the atmosphere surrounding our bodies and make that 
small part of the atmosphere comfortable. The type and quantity 
of clothing we wear are determined by the climate. In New York 
in winter the average man wears about fifteen pounds of clothing, 
designed partly for comfort and partly for appearance. It is not 
a very eflScient combination, but we think it looks well, and it is 
easy to get on and off. He spends a good share of his time in 
taking off and putting on articles of clothing so as to be com- 
fortable both indoors and out. A significant share of his earnings 
is spent on clothes, fuel, and housing. The importance of protec- 
tion from the climate has been emphasized during the recent war 
and in the post-war period, when there were shortages of these 
three essential commodities. 

wears about ten pounds of clothing efiiciently de- 
signed to keep him comfortable in a much colder winter climate 
than that of New York. At a temperature of 5 ° below zero, the 
New Yorker is likely to feel very cold in his fifteen pounds of 
climatic control; the Eskimo gets along with his ten pounds at 
50° below zero. In hot weather the Chinese depend on light, 
loose clothing, and a hand fan. 

In our buildings we trap a larger part of the atmosphere. By 
burning fuel we attempt to make that larger portion comfortable 
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From this Standpoint, the design of buildings is highly important. 
The building of the Eskimo has a low broad door that releases 
little warm air as he goes in and out. The southerner tends to- 
ward high ceilings, tall doors, and high windows to keep the 
warm air above him and let it out as soon as there is cooler air to 
replace it. The New Englander has a steep roof to let the snow 
slide off, but his windows are smaller and his ceiling lower to 
keep the warm air closer to the floor. 

Closed automobiles with heaters, air conditioning in hotels and 
on trains, and electric fans are other methods of controlling a 
small amount of atmosphere. 

In cool climates these activities keep civilization hustling. 
Clothing is produced by the important wool and cotton industries. 
The building industry also is a big one. These industries provide 
employment for millions of people. A vigorous climate is a stimu- 
lus to everyone to find better ways of controlling the small parts 
of the atmosphere in which we live. In tropical climates the prob- 
lem is relatively simple. The stimulus is lacking. The most highly 
organized civilizations are generally found in vigorous climates 
with changeable weather. 

We also attempt to control the temperature of the free air out 
of doors with some success. We heat orchards in cold weather. 
(Fig. 87.) We cover vines and other vegetation on cold nights to 
control the temperature of a small amount of atmosphere and 
prevent damage by frost.®^ Of course, this is done mostly on still 
clear nights when shallow pools of cold air are formed near the 
ground. This does not provide any way of heating, or otherwise 
controlling, the temperature of any large portion of the free at- 
mosphere. 

In time of prolonged drought, ideas about artificial control of 
climate take two forms. Some believe that acts or practices of 
man cause failure of the rains or can modify the effects of lack of 
rainfall. Others suggest that we can produce rain artificially. 

An example of the first case is the widespread belief that de- 
struction of forests has caused a change of climate. A humid 

8^ The smoke produced by the so-called "smudge pots” is a by-product, 
having only nuisance value. Only the heat produces favorable results. 
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Fig. 87. Heaters in orange grove to prevent damage by low temperatures. (U.S. Weather 
Bureau photo) 

climate is required to support forests. Rainfall makes tlie forests. 

The forests do not cause the rains, though extensive forests do 
affect the climate to a considerable degree, and may be respon- 
sible for a share of the rainfall. To what extent can man control 
tlie climate, and especially tire rainfall by tree-planting, impound- 
ing water to produce lakes and reservoirs, and by other similar 
means? 

' The small amount of moisture evaporated from reservoirs and 
small lakes is carried away in the general circulation of the atmos- 
phere. There is no reason to believe that it would have an appre- 
ciable effect on the rainfall in the immediate vicinity. For the 
United States as a whole or for North America, the rain-producing 
effect of this additional bit of moisture in the atmosphere might 
be in the ratio of the size of the lake or reservoir to the Atlantic 
Ocean including the Gulf of Mexico and Caribbean Sea. Inland 
bodies of water, such as the Great Lakes, have an influence on 
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the rainfall roughly in proportion to their size. On the whole it 
is not large. 

Agriculture is not aflEected by rainfall alone. Lakes, rivers, and 
accumulations of snow and ice in the mountains provide water 
for irrigation. Plantings of trees in shelterbelts control the local 
climate in several ways. When placed at right angles to the pre- 
vailing winds the trees protect the land to a distance of ten to 
twenty times their height, or even more. Snow is not blown so 
much and some is retained on the ground in the sheltered areas 
instead of drifting onto highways and into ditches. Evaporation 
is diminished; the temperature is lowered in the warmer part of 
the year; and soil blowing is reduced. Protection is afforded to 
farmhouses and animals during windy weather in winter. In these 
and various other ways, including strip cropping and rip-rapped 
dams (Figs. 88, 89, 90), agriculture can be made to succeed on 
rainfall that might otherwise be inadequate. 

On the other hand, the destruction of forests can have very 
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Fig. 88. Future barriers against the wind. A field shelterbelt in North Dakota. (Soil 
Conservation Service photo ND-140) 
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serious consequences. Probably the worst immediate result is the 
increased rate of runoff of heavy rains and the resultant floods, 
especially flash floods in headwater streams formerly protected 
by forest cover. 

If all the vegetative cover were removed from the United 
States, there would undoubtedly be a remarkable change of cli- 
mate. ’in the next spring season the temperature over the vast 
area would rise at a rate unknown in the past. A strong tempera- 
ture contrast would quickly come into being between the land 
and the Pacific. The change of wind circulation would be dis- 
astrous for further growth of vegetation over large areas. “Hot 
winds of the plains^ would dominate the weather in the interior, 
and the moist winds of the Atlantic and Gulf would be turned to 
the north and northeast with deficient precipitation even in east- 
ern areas. Hot sun and cool water would produce spring droughts 
even in coastal areas. Rains would come, often in larger quanti- 
ties, in the cooler months. Floods would become more frequent 
and disastrous in autumn and winter. In general, our climate 
seems to have tended in this direction in the last half century. 
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thirties this reversal did not mean more rain in the first half of 
the year but rather less rain in the latter half of the year. 

Sometimes it seems almost foolish to discuss rainmaking. It 
might be thought that in time of serious national drought the 
solution may be found in heating the Pacific Ocean! But it is not 
quite so hopeless. If we look back over our discussion we see that 
periods of drought develop with only slight pressure changes 
amounting to thousandths of an inch. These changes develop 
slowly, run a definite course, and then subside slowly. In the be- 
ginning or at the end of a period of drought, a relatively slight 
amount of energy applied at the right time and place might 
cause a rain-producing system to develop, to deviate from its 
course, or to begin precipitating over a drought area. It might 
contribute critically needed moisture at the beginning of the 
drought or break it before it had run its final course to disaster. 
That such control is possible in the future is open to little ques- 
tion when we study die shght pressure changes which are effec- 
tive in certain critical areas at certain seasons. (Figs. 43 and 48.) 

Man s attempts at rainmaking, none of them successful to date, 
have been going on for centuries.^® Dousing holy men with quan- 
tities of water has been widely practiced in many countries 
where droughts are frequent and severe. In some cases nearly all 
of the people throw water on each other while going through 
some queer rainmaking ceremony. To break a drought in Aus- 
traha the Duri resort to magic, a part of which is drawing blood 
from the wizards and sprinkling it on otlier men of the tribe. Bird 
down is then thrown over their bodies so that they will look like 
clouds. 

The frog was considered the god of waters by some primitive 
peoples, and beating frogs with sticks was supposed to bring rain. 

Zulu women bury their children in the ground up to their 
necks and go away and wail, with the idea that the heavens will 
be opened up through pity. 

It has been claimed in many instances, beginning in ancient 
times and continuing up to the present, that battles bring rain 

3® Humphreys, W. J., Rainmaking and Other Weather Vagaries. Baltimore, 
1926 . • 
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either through use of high explosives or the noise of battle. Pres- 
ent-day claims are based on the use of high explosives, but even 
before gunpowder was invented the claims were just as strong 
that the clash of sword and shield and the shrieks of the wounded 
brought rain. Some claimed that the vapors arising from the 
sweat and blood of battle caused rain. Most battles are fought in 
good weather between rains, so that rain is likely to follow 
anyway. 

Near the beginning of the present century there were several 
international congresses on hail-shooting. Guns were mounted in 
areas where hail had done much damage to crops. Blanks were 
fired in such a way as to hurl a smoke ring toward the storm 
cloud. This shooting was supposed to prevent hail. The result was 
that people were killed or injured by explosions and there were 
almost endless arguments as to whether or not the lack of hail 
was due to shooting, or hail that came anyway was to be ex- 
plained by some fault in the shooting technique. There was no 
real evidence that hail storms were affected in any way, and the 
practice was abandoned. 

In 1891 the Congress of the United States actually appropriated 
money for experiments in making rain. The amount was $9,000, 
which is not much more than a professional rainmaker would ex- 
pect to get from a Chamber of Commerce today for a good heavy 
shower (if one happened to come at the right time). The experi- 
ment authorized by Congress was carried out in Texas by Gen- 
eral Dyrenforth who was appointed a '"special agent” for the De- 
partment of Agriculture. Dynamite and balloons filled with gas 
were used. A little rain came but the Weather Bureau, on exam- 
ining its charts, said it would have rained anyway. 

One of the schemes tried in the past is to release quantities 
of hydrogen gas, which is lighter than air. The hydrogen is ex- 
pected to create a rising current of air and thus bring rain. There 
IS no proof that this method has caused rain and no satisfactory 
explanation of why it should. There also have been many schemes 
proposed for use of giant blowing devices to start vertical cur- 
rents in the atmosphere. 

Forest fires and other large fires sometimes cause clouds, and 
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it has been claimed that showers have fallen from clouds formed 
in this way. In time of drought the suggestion is frequently made 
that fires be started to produce rain. This method has not suc- 
ceeded. 

During the drought years of the thirties it was widely believed 
in this country that radio broadcasting was preventing rain be- 
cause of the ‘large amount of electricity put into the atmosphere.” 
Radio broadcasting started in the early twenties and by the 
middle thirties had expanded into a major industry. Thousands 
of letters were written to Congress and to government depart- 
ments urging that radio broadcasting be discontinued for a period 
of time to see if rain would come. No action was taken. Broad- 
casting continued to expand, and in the meantime the rains came 
again. 

No doubt the next great drought will bring insistent demands 
fr om all sides that atomic energy be used to produce rain. The 
facts presented in previous chapters seem to indicate that heat 
generated for the purpose of producing rain should be applied in 
such a way that small but critical effects of the Pacific Ocean in 
late winter and early spring on air flow over the mountains would 
be counteracted. 

Applying heat to raise the temperatoe of cold ocean currents 
or using some device to deflect them to other regions is some- 
times suggested as a means of controlling climate. There are 
many other possibilities, if the imagination is given free rein, but 
if any such plans are feasible it will be necessary to consider all 
the consequences. The temperature or the rainfall might be made 
more favorable in a given area, but some adjoining or even dis- 
tant areas might be adversely affected in a serious manner. 

The rainmaker has his own trade secrets. ( Fig. 91. ) There was 
one, with the title of “professor,” who was exceptionally success- 
ful. He had as partners an ex-prize-fighter and a disbarred law- 
yer. If he failed to collect for his rainmaking he would threaten 
legal proceedings, and if that failed he would have the ex-prize- 
fighter use force to intimidate his clients. 

Fog has been dissipated successfully, but at a cost which may 
not be generally justified except in time of war. During World 
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War II fog was successfully cleared from airfield runways at 
bomber bases in England. The invention was called FIDO which 
meant Fog Investigation Dispersal Operations. It was discovered 
that if the temperature over an airfield could be raised by 7° 
Fahrenheit the fog would evaporate. Heat was provided by a 
line of oil burners on each side of the main runway. Pumps were 
used to drive the oil to the burners. When there was not too much 
wind FIDO cleared the fog in ten minutes and in some cases in 
six minutes. About 6,000 gallons of oil were consumed for each 
aircraft landed at times when fog had to be cleared. 

These facts answer the question, “Can we control the climate?” 
In a small way we can, and we have made progress. When we 
buy a home we plant ti-ees in the yard partly to provide shade 
and thus modify the climate of a small area. We have progressed 
to the point where we can control summer temperature and hu- 
midity in buildings by artificial cooling on a considerable scale. 
In many other ways we exercise a certain limited control over 
outdoor climatic conditions, but whether this progress will ever 
bring us to control of rainfall and weather extremes is undecided. 
No doubt our cultivation of the land, clearing away of forests, 
and the building of highways and cities has influenced the amount 
and distribution of rainfall to a significant degree. In other re- 
spects, it is so much easier to travel to a different climate than to 
try to change the climate at home that large-scale efforts in the 
S future are likely to be limited to production of rainfall, to con- 

I servation of the rain which falls, or to causing small temperature 

f changes at critical seasons to avert damage from frost or freezing 

temperatures. In increasing numbers we travel noi-th in summer 
and south in winter, and that is a more pleasant and less expensive 
method of getting the climate we want. 

At any rate, when and if we succeed in controlling the climate 
in more than a local and Limited degree, we will need broad and 
effective regulatory measures to make sure that changes which 
are advantageous in one area will not be allowed to produce 
disasters in other areas. 
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In recent years we have been forced by circumstances to change 
our ideas regarding climate. Fifty years ago, when we were mak- 
ing progress in accumulating weather records in all parts of the 
United States, we were of the opinion that a good 20-year record 
could be used as a “normaF and that succeeding 20-year periods 
would not show any important differences. ''Normals” are useful. 
For example, when we have an unusually cold winter, we need to 
have some standard for comparison so that we can say that the 
average temperature was 5® or 10° or some other number of 
degrees below the normal. Nevertheless, the use of "normals” as 
measures of fixed climatic conditions has turned out to be mislead- 
ing. We now have detailed temperature records for more than a 
century at a number of places in the United States, and we can 
cite some examples. 

The first systematic weather record in North America was begun 
in 1644 by the Rev. John Campanius near Wilmington, Delaware. 
It would have been exceedingly fortunate if these observations 
could have been continued by interested persons in that locality. 
But nearly a century and a half passed before the beginning of any 
weather records which are continuous to the present time. Records 
of temperature at New Haven, Connecticut, began in 1778 and 
have been continued to the present, but there were breaks in the 
first two years and there was no record in 8 months of 1795. This 
makes the record continuous from 1796 to the present day. Tem- 
perature records were kept at Charleston, South Carolina, begin- 
ning in 1738, but there were some long breaks, and the record is 
continuous only from 1823 to the present. 

There are fewer long records of rainfall than of temperature. 
The Charleston rainfall records are continuous from 1832, and 
New Haven only from 1873. New York rainfall records have 
been kept without interruption from 1826, Boston from 1818, 
Philadelphia from 1820, Albany and Marietta from 1826, St. Louis 
and St. Paul from 1837, San Diego and San Francisco from 1850. 
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Fig. 92, 20-year moving temperature summations for New Haven, 
Conn., and Copenhagen, Denmark. (Kincer) 


These examples indicate the length of records available for scat- 
tered places, the maj’ority being in Atlantic states. The number of 
records is not adequate for a satisfactory study of climatic changes 
until after 1870. 

Of course, temperaturej like rainfall, has variations from year 
to year. We expect them. But there are long trends which show 
us that we cannot expect the variations in climate to remain within 
the limits recorded in a period of twenty or even fifty years. The 
records for New Haven and Copenhagen are shown in Figure 92. 
These are 20-year moving temperature summations taken from a 
study by Kincer. Each years temperature plot is the sum of 
temperatures for that year and the preceding 19 years. The scale 
at the left can be divided by 20 to get average temperatures. 

If we had selected the 20 years ending about 1875 to use as the 
' normal" yearly temperature at New Haven, it would have been 
48.5°. In the next half-century there were only eight years at 
New Haven in which the mean temperature for the year was so 
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could not have been the cause, for it became colder again in later 
years; and (2) records such as those shown in Figure 93 for 
Philadelphia and nearby West Chester show the same trends. The 
records at Philadelphia, as analyzed by Kincer, are shown in 
Figure 94 in annual and in 5-year, 10-year, and 20-year sum- 
mations. 



The same trends are found in many other parts of the world as 
well as in the United States.^® The recent trend shown by the 
records of four hundred stations around the world is shown in 
Figure 95, from one of KincePs studies.^^ 

The cause of these long-time trends is not definitely known. 
Averages for 20 years smooth out nearly all of the variations, 
oscillations and sub-oscillations; and the main features which 
remain are probably the result of some persistent change in solar 
radiation, in the condition of the atmosphere, the lag of ocean 
temperatures, or some combination of these. 

36 Matthes (1945) cites the observations of Broggi as unmistakable in their 
indications that the present glacier recession, which began in South America 
about 1862, has proceeded simultaneously with the recession in the Northern 
Hemisphere (Europe and North America). 

37 Kincer, J. B., '‘Relation of Recent Glacier Recessions to Prevailing Tem- 
peratures.” Monthly Weather Review. June 1940. 
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Humphreys has called attention to the effects of volcanic dust 
in the atmosphere. He has shown that world temperatures have 
been lower at and after times of great volcanic eruptions. The 
famous 'year without a summer" ( 1816 ) followed the great erup- 
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tion of Mt. Tamboro (Dutch East Indies) which killed 56,000 
people and threw so much dust into the air that it was dark for 
three days at a distance of three hundred miles. The eruption of 
Krakatoa in 1883 threw great quantities of dust into the atmos- 
phere. It was followed by cold years and the upward trend of 
temperature in later years may have been due in a small measure 
to a slow recovery as the dust was dissipated. However, the up- 
ward trend at New Haven and Copenhagen (Fig. 92) definitely 
began before the Krakatoa eruption. 

There have also been some long trends in rainfall. The recent 
upward trend in temperature in the United States was accom- 
panied by a downward trend in rainfall One of Kincer s diagrams 
(Fig. 96) shows these trends. 

The most likely cause of trends is long-term variations in solar 
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Fig. 95. Upper curve, accumulated monthly departure from normal 
temperature, 1910 to 1931, as an average for approximately 400 
places around the world (10,000 monthly records) for 22 years, 
showing general upward trend. Small inset, accumulated annual 
departure, same places. Lower curve, march of temperature at 
selected places in West Europe, 1830 to 1938. (Kincer) 
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radiation, but we do not have data to check this. Accurate meas- 
urements of solar radiation received in the earth's atmosphere are 
difficult. The Smithsonian Institution has done most of the work 
in this field. The records are too short for use in a discussion of 
trends. There is the added difficulty that the work has not long 
been out of the experimental stage. The condition of the atmos- 
phere affects the radiation which reaches the earth's surface even 
at high elevations in regions where the atmosphere is very clear. 
New corrections have been applied, and revised methods have 
been adopted from time to time. Eventually a long record by 
standard methods will provide a body of data of the highest 
importance. The maintenance of the observations must rest on 
the potential value of data accumulated in the future as well as on 
their practical usefulness in studying present-day weather changes. 

Variations in solar radiation and their effects on ocean tempera- 
tures are of great importance. It seems obvious that heat stored in 
the oceans during periods of high solar activity will not be com- 
pletely dissipated for years, even with diminished solar radiation. 
Brooks has calculated that if the earth's surface were entirely 
water and if solar radiation were increased above 'normal” enough 
to raise the temperature of the oceans by IS"*, the heat stored in 
the oceans would be enough to keep the temperature S-d*" above 
'normal” for 250 years under average sunlight. 

The preceding discussion shows how little we know about the 
causes of trends. One fact is important. Trends are world-wide, 
and in similar locations the trends seem to be the same. Clayton 
and others have shown how these trends are related in different 
parts of the world. Clayton ascribes them to variations in solar 
radiation, and this seems to be the only acceptable explanation. 

Claims of changing climate are frequently heard. The traveller 
is accustomed to hear natives say that "we never had weather 
like this before.” We often hear the remark that the weather is not 
the same as it was when "grandfather was a boy.” As accurate 
instrumental records accumulate we begin to see the truth in these 
statements. We may hope that some future generation will say 
that the weather is not so hot and dry as it was when "grand- 
father was a boy” (in the years from 1930 to 1939). 
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Figure No. 17. 

Fig. 96. Progressive five-year sums of temperature and precipitation de- 
partures from nonnal for the United States. (Kincer) 

In 1804 a Frenchman named Volney published a book'^^ on the 
climate and soil of the United States. He quoted Thomas Jefferson 
and others to show that the climate was changing. Jefferson wrote 
that the snows were less frequent and not so deep. No doubt there 
were some long-term trends in climate in the years during and 
preceding Jefferson s time. 

There are also seasonal trends which are of great importance. 
The temperature and the amount of rainfall in the growing season, 
as well as the length of the growing season, are of much concern. 
We have seen (Fig. 71) the trend toward less rain in the first half 
of the year as compared with the second half, and also (Fig. 83) 
the oscillations and trends in Bismarck temperatures. 

ssVolney, C. F., Yievo of the Climate and Soil of the United States of 
America, London, 1804, 
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At Bismarck the upward trend in annual temperature has been 
attended by a remarkable shift in temperature between early and 
late winter. Near the beginning of this trend (Fig. 97) February 
at Bismarck averaged 14 degrees colder than December in the 
tliree years 1889, 1890, and 1891, while in 1925, 1926, and 1927, 
near the top of the trend, February averaged warmer than 



Fig. 97. Differences of temperature between February and December at 
Bismarck, N.D. Scale in whole degrees (F.) shows excess or deficiency 
of February as compared with December. Smoothed by formula given 
under Figure 71. : ^ ^ ^ 

December. This makes a total difference of 2412'’ in mean monthly 
temperatures in winter at Bismarck. This change affected the en- 
tire country. The differences are charted for a few selected places 
in Figure 98. It is apparent that this trend was due to a progres- 
sive change in the timing of the flow of cold surface air from 
Canada into the United States. 

In December the oceans are relatively warm but continue to 
become cooler mitil February or March. In February the continent 
is already growing warmer in the south, but the polar regions 
continue cold. The result is that there are two surges of winter in 
the United States. The first is dominated by overflow of warm 
Pacific air into the Canadian sink as tlie temperature falls in 
autumn and early winter. Cold surface air di-ainage from Canada 
into the United States keeps the temperature down. As the sun 
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Fig. 98. Excess or deficiency of February temperatures compared witli December 
temperatures. A. Average for years 1889, 1890, and 1891. B. Average for years 1925, 
1926, and 1927. See Figure 97. 
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comes northward in February the temperature contrast between 
the equatorial and polar regions increases in the Northern Hemi- 
spheie and cold outbreaks from the far north to a large extent 
replace the Pacific overflow in lower latitudes as the Pacific be- 
comes relatively cooler. 

It is apparent that these two surges of winter are similar to the 
two sub-oscillations in the sunspot cycle. There is an interval 
which is known as the Thaw” between the surges of 

winter, just as a wann and droughty period is likely to occur be- 
tween the two sub-oscillations in the solar cycle. 

On this basis the trend at Bismarck presumably represents the 
effects of rising solar radiation. The colder Decembers show an 
increase in the cold surface air stream flowing from Canada to the 
United States. The fact that it is primarily a surface phenomenon 
due to horizontal motion of the surface air is shown by Figure 99 
which gives the differences in mean temperatures each year 
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Fig. 99. A. Mean annual temperature differences between Cheyenne (6,088 
feet) and Bismarck (1,674 feet) in degrees and tenths (F. ) by scale at 
left, which shows Cheyenne wanner than Bismarck by amounts ranging from 
2® to 5°. Cheyenne is at a much higher elevation and, except for effect of 
cold surface air drainage from Canada, would be colder than Bismarck. 
B. Sunspot numbers by scale at right. Note that Bismarck became relatively 
colder (Cheyenne warmer) near each sunspot maximum. See also Figures 
75 and 98, which indicate the shallowness of the cold air stream causing 
these pronounced temperature changes in North Dakota and elsewhere 
in the region to the east and south. 
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between Bismarck (1,674 feet) and Cheyenne, Wyoming (6,088 
feet). Bismarck was colder compared to Cheyenne in the late 
eighties, and it became relatively colder with each rise of solar 
activity in succeeding sunspot cycles as the cold surface airstream 
increased temporarily. But in the trend the average temperature 
at Bismarck was progressively rising toward that at Cheyenne. 
Bismarck was about 5° colder than Cheyenne in the early nineties 
and only about 2° colder in the early twenties and early thirties. 
Late in the thirties Bismarck became relatively colder again, evi- 
dently due to great solar activity near the time of the great sun- 
spot maximum in 1937 and 1938. 

In the same period that the February cold at Bismarck was 
diminishing, the December cold caused by Pacific overflow was 
increasing. During this time the rainfall in the United States was 
shifting to the latter part of the year, and the first half of the year 
was becoming increasingly dry (Fig. 71). This change in rainfall 
distribution corresponded to the prevalence of cold air masses 
arriving from Canada. It is apparent that the cold air from Canada 
was not very deep, and Bismarck was affected more than 
Cheyenne. 

These trends are accompanied by important seasonal changes 
in climate. The shift of rainfall in latitude shown by differences in 
rainfall between Wisconsin and Louisiana (Fig. 86) is an exam- 
ple. Trends may appear slight when shown in yearly values, but 
they are composites of seasonal changes of different character, and 
the changes in the seasons may be of the greatest importance. 

Prevailing winds from the west in our latitude carry the weather 
from the Pacific to our western shores and the weather of the 
continent toward the east and to the Atlantic. Therefore, the 
weather of our west coast is widely different from the weather of 
the eastern shores even though both are on large bodies of water. 
If there were no prevailing westerhes the climate of the two coasts 
would be much the same. Following through this reasoning, we 
know that the stronger the circulation of the atmosphere becomes, 
the greater will be the contrast between the eastern and western 
coasts of the United States. This is especially noticeable in winter. 
With strong circulation of the atmosphere, Pacific winds of mod- 
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erate temperatures dominate the weather of the west coast while 
the cold extremes of the interior of the continent are carried to 
New England and the middle Atlantic coast, sometimes extending 
as far down as the Carolinas and Florida. For example, Charleston, 
South Carolina, and San Diego, California, are in the same lati- 
tude; Charleston averages nearly 15° warmer than San Diego in 
summer and nearly 5° colder in winter. This occurs even though 
the warm Gulf Stream lies to the east of Charleston and the cool 



Fig. 100. Solid line, sum of smoothed annual temperature departures from 
normal at Eastport (Me.) and Charleston (S.C.). Dashed line, same for 
Portland (Ore.) and San Diego (Calif.). Scale at left shows tenths of 
degrees. (See smoothing fonnula under Figure 71.) 

California Current flows to the west of San Diego. In general, in 
years when San Diego is wanner, Charleston is cooler, and vice 
versa. Farther north, Portland, Oregon, and Eastport, Maine, show 
the same effects, but in a more violent and irregular manner 
because of the stronger circulation of the atmosphere in higher 
latitudes. Figure 100 shows annual temperature departures aver- 
aged for Eastport and Charleston (solid line) and for Portland 
and San Diego (dashed line). When the temperature curve at 
Portland and San Diego goes upward, it is likely to go downward 
at Eastport and Charleston, and vice versa. But because of the 
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slower response of the Pacific Ocean, changes in the Pacific coast 
temperatures appear to be somewhat delayed. 

The northern group of states is aflFected more by invasions of 
cold air from the north than the southern states. Figure 101 is a 
smoothed curve showing the temperature differences between 
three representative northern places combined (Portland, Bis- 
marck and Eastport) and three representative southern places 
combined (San Diego, Galveston and Charleston). The oscilla- 
tions in the sunspot cycle and the upward trend are the outstand- 
ing features of this curve. The data have been smoothed so that 
short-period variations and sub-oscillations are almost entirely 
removed. 

Changes of climate, as we know them from instrumental I'ec- 
ords, represent changes in the circulation of the atmosphere 
caused by variations in the temperature contrasts between equator 
and poles and between continent and oceans. The changes are 


Fig. 101. Smoothed differences in annual temperatures averaged for three 
northern cities (Portland, Ore., Bismarck, N.D„ and Eastport, Me.) and three 
southern cities (San Diego, Calif., Galveston, Tex., and Charleston, S.C.). 
Scale at left shows differences in departures from normal in tenths of degrees 
( F. ) . Positive values show that the northern stations were relatively warmer, 
negative values, colder. At the bottom of the diagram X’s show time of 
maximum sunspots; O’s, minimum sunspots. (Smootliing formula given 
under Figure 71.) 
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therefore different in different parts of the country. We conclude 
that when solar radiation is increasing or decreasing either in the 
sunspot cycle or in other longer cycles or trends, the changes of 
weather or climate are most pronounced. The more rapid the 
change in solar radiation that goes on for any considerable time, 
the more profound will be the temporary changes in climate, but 
as soon as solar radiation ceases to rise or ceases to fall in the 
long-term trend, the climate tends to come back to approximately 
its “normal” pattern. By “normal” we niean the average climate 
over a very long period, perhaps a thousand years or mors. But 
“normal climate” is hard to define. If the average for a thousand 
years is taken, the “normal” climate will be found to have changed 
through the ages. The rocks tell us of cycles of climatic change, 
and the recurrent pattern is one of the greatest puzzles of geo- 
logical history. This question will be discussed briefly in the next 
chapter. 
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It is usually not wise for a meteorologist to write about geology, 
but the accurate records of the weather are so short and the rec- 
ords of the rocks are so many millions of years long (Fig. 102) 
that we are tempted to use what we know from our brief climatic 
records to help explain what has happened in past ages, with the 
hope that the records of the past may help us to a better under- 
standing of what may happen in the future. A brief review of the 
outstanding facts will be appropriate. 

Throughout the period of geologic record the earth s crust has 
had about the same temperature as today. Therefore it appears 
that very little climatic change, if any, can be ascribed to heat 
from within the earth. 

In early geologic times there were important changes in the dis- 
tribution of land and water, and certainly there were periods of 
upheaval and mountain building. These changes must have had 
widespread effects on the climate. 

Within historical times there has been no change of conse- 
quence in the distribution of land and sea, or in the height of 
mountains. But there may have been changes in the amount of ice 
in polar regions, and there is historical evidence of some changes 
in glaciation elsewhere. 

Geologists have brought forth records to show without any 
question that in the relatively brief time man has existed on the 
earth there has been no period of years with what might be called 
"hormaF climate. For millions of years the climate of the earth 
was much milder and more uniform than it has been in recent 
centuries. One of the many explanations is that the earth received 
more heat from the sun during long ages in the past. But that does 
not mean that our present cold climate is caused by a permanent 
decrease in heat from the sun, for the evidence of geology is that 
glacial periods have occurred several times in the history of the 
earth, and these other cold periods were followed by long spells 
of warm climate lasting for millions of years before another ice 
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Examination of climatic changes in recent centuries reveals that 
greater heat from the sun is not the only requirement for a genial 
and uniform climate. We believe that increased solar radiation or 
rapid change in solar radiation causes a more vigorous circulation 
of the atmosphere and tends to accentuate tlie extremes of 
weather. The increased solar radiation which comes with more 
sunspots is attended temporarily by more storminess. Huntington, 
Kullmer, Bigelow, and otliers have found that storm tracks change 
with sunspots and that storminess is generally greatest in the 
United States at times of sunspot maximum. 

It has been difficult to explain why, in the warm periods of 
geological history, it was much warmer in the regions near the 
poles than at present. During these periods more extensive deserts 
or at least semi-arid conditions seem to have prevailed over the 
continents. There is evidence that dry conditions expanded during 
the times of warm climate, and this agrees with our experience 
that warm weather and dry weather go together. But the warmth 
of tlie polar regions in prehistoric times has been a mystery. 

Many explanations have been offered for these recurrent periods 
of warm di'oughty conditions of climate and tlie shorter intervals 
of glacial climate. Most geologists agree that at intervals widely 
separated in time there have been vast upheavals which produced 
mountains. The mountains were worn away again very slowly. 
Great climatic changes wei'e associated with mountain building. 
We know also that the seas have expanded at various times, and 
probably all parts of all the continents have been flooded at one 
time or another. Such events would cause great changes in cli- 
mate. But even with the oceans covering all of the earth, if it 
continued to revolve around the sun with its axis tilted so that the 
polar regions were alternately turned toward and away from the 
sun, it seems that there should be pronounced changes in temper- 
ature between winter and summer in higher latitudes. 

Several explanations have been offered for these remarkable 
changes in climate. Briefly, these explanations include ( 1 ) slight 
changes in the inclination of the earth’s axis and the so-called 
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Fig. 102. A geological time scale. Each figure in the central column repre- 
sents rouglily about ten million years. (From Climate and Man,) 
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precession of the equinoxes; (2) long-term variations in solar 
activity; (3) close approach of another star to our sun and the 
consequences, which might be suJEiciently catastrophic to explain 
any climatic change; (4) variations in the amount of carbon 
dioxide or ozone in the atmosphere; (5) great variations in the 
amount of volcanic dust in the atmosphere; (6) drifting of the 
continents toward or away from the equator; (7) crustal unrest 
and mountain building; (8) changes in the amount of ice in polar 
regions; and (9) escape of heat generated by radioactive sub- 
stances. Some of these are problems for the astronomer and the 
geologist. Long-term variations in solar acthdty, the amount of 
dust in the atmosphere, and polar ice are more acceptable to 
meteorologists as explanations of climatic changes in the light of 
climatic conditions of our times. 

Brooks^*^ has oflFered an explanation which seems to be in accord 
with our knowledge of climatic changes in recent centuries. He 
has shown that the nature of the earth and its atmosphere, the 
freezing point of water, the temperature of the maximum density 
of water, and the cooling eflFects of large ice sheets are such that 
the earth’s climatic pattern is rather critically balanced, and that 
a relatively small change in the heat received at the earth’s surface 
eventually causes the growth or dissipation of polar ice sheets 
which in turn have a marked effect on the circulation of the atmos- 
phere and the distribution of temperature. (Fig. 103.) Brooks 
shows that a relatively small lowering of average temperature 
from that of the warm periods would cause ice to begin to fomi 
in polar regions. The ice might persist through one summer season 
and grow further in the next winter. An ice sheet acts like snow- 
covered land in high latitudes. It loses its heat rapidly by outward 
radiation and will grow more and more rapidly with increasing 
size. The whole train of circumstances favorable t6 ice accumula- 
tion which comes into play seems to be almost suflScient to account 
for widespread glaciation. Volcanic dust and other circumstances 
may contribute to the final result. 

Extensive ice in the polar regions certainly causes an increase in 
cold surface winds from the polar regions toward the equator and 

Brooks, C. E. P., Climate through the Ages. London, 1926. 
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Fig. 103. Products of polar ice sheets. Icebergs in the North Atlantic. ( U.S. Coast Guard 
photo) 


tends to keep the surface air temperature down in high latitudes 
of the Northern Hemisphere and to a lesser degree in high lati- 
tudes of the Southern Hemisphere. On the other hand, the disap- 
pearance of ice in the polar regions would certainly bring a milder 
climate. 

Brooks believes that during times when there was no polar ice 
sheet and the polar regions were much warmer, the sub-tropical 
highs over the ocean were more expanded than at present. For 
example, he thinks that the Pacific high as it now exists in July 
(Fig. 34) would be representative of the situation during the 
whole of the year in warm periods. Certainly a migration of con- 
tinental heat to the northward would cause the Pacific high to 
expand northward. 

A higher temperature over the continental areas in the far 
north would surely reduce the amount of overflow from the Pacific 
into the Canadian “sink,” and north-to-south motion of surface air 
into the United States would also diminish. Warmer polar regions 
would contribute less than at present to cold air invasions into 
middle latitudes. 

Another thought offered by Brooks is that the circulation of the 
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atmosphere which in recent centuries includes a system of out- 
flowing easterly winds from the polar regions (Fig. 68) is part of 
a critically balanced system, and that in the absence of a polar ice 
sheet there would be weak polar east winds, or none at all The 
westerlies would then carry warm surface air into high latitudes. 
This would add to the warmth of the polar regions during winter 
time. 

Humphreys^ ^ and others have offered an explanation of climatic 
changes which is essentially classical.^^ They believe that great 
changes in solar radiation in past ages are not demonstrated and 
in fact are not required as an explanation of geologic changes of 
climate. For the most part, Humphreys relies on volcanic activity 
and dust in the atmosphere to explain the observed depressions 
of temperature on the earth. He employs a combination of sunspot 
numbers and variations in temperature presumably caused by 
volcanic dust. This widely accepted hypothesis attributes most of 
these changes to terrestrial causes, but depends on sunspots as a 
minor factor in explaining some of the temperature variations 
which obviously cannot be attributed to dust in the earth's at- 
mosphere (Fig. 104). 

Humphreys lays stress on the well known fact that periods of 
glaciation and mountain building were more or less coincident, 
and points out that it is more reasonable to assume that mountain 
building, variations in continental levels, and great volcanic activ- 
ity went together rather than to assume that crustal unrest and 
mountain building accidentally coincided wuth great solar varia- 
tions. In the United States it is advisable to consider also the 
role of mountains in translating solar variations into weather 
changes in the lowest level of the earth's atmosphere. The follow- 
ing discussion is appropriate to this treatment of drought, because 
gi-eat changes in the amount and distribution of precipitation 
were obviously connected with widespread glaciation. 

It is not necessary to assume that solar changes just happened 
to coincide with mountain building, unless we take the view that 

40 Humphreys, W. J., Physics of the Air. New York, 1939. Contains a full 
discussion of the volcanic dust hypothesis. 

41 The term ‘"classical” is explained in the introduction. 
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Fig. 104. Relation of pyrheliometric values (solar radiation measurements) and mean 
temperature departures to sunspot numbers and volcanic eruptions. (Humphreys in 
Bulletin of Mt. Weather Observatory) 
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the solar changes we have observed in the last seventy years are 
inadequate to account for the climatic changes of geologic times. 
We must assume that the solar changes we have observed in 
recent centuries have been occurring for millions of years. This 
assumption is more reasonable than the view that solar changes 
as indicated by sunspots are peculiar to recent times. 

We have seen the influence of the Rocky Mountains in relation 
to Pacific temperatures in causing the flow of air in some years to 
go over the mountains in the north and bring cold air masses and 
rain and snow to the United States and in other years to go over 
the mountains in the south and bring warm dry weather to the 
United States. These changes in the flow of air over the mountains 
are geared to solar variations as evidenced by sunspot numbers. 
(Fig. 86.) If we^removed the mountains, the air would flow 
freely across the United States from the Pacific, and the north- 
south oscillations and trends would diminish or cease. The north- 
ern part of the United States east of the Rockies would cease to 
be the scene of our great conflict of cold and warm air masses. 
This region is precisely the region where glaciation has staged 
some of its advances and retreats of geologic times. ‘ 

We need only to assume what Brooks has postulated, on the 
most reasonable climatic evidence available, that polar ice began 
to accumulate because of temperature changes that are within the 
range of probability as indicated by what we have actually ob- 
served. (Fig. 98.) From this point we have a chain of circum- 
stances which fits with what is now going on. The growth of polar 
ice intensifies the Canadian sink east of the mountains. Cloudiness, 
rain, and snow become more frequent in the United States. At 
each time of maximum sunspots the belt of maximum precipita- 
tion moves northward to the edge of the ice sheet and heavy snow- 
fall adds rapidly to the accumulation. The cold sub-oscillation 
follows quickly and the accumulation fails to melt. The inter- 
mediate warm and dry periods between the sub-oscillations be- 
come brief or non-existent. It is easier to account for glaciation 
than it is to explain how to get rid of the ice after it has accumu- 
lated. In the absence of mountains, these same solar changes 
would have an entirely diflFerent effect. 
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It IS not necessary to have recourse to the precession of the 
equinoxes, the amount of ozone and carbon dioxide in the atmos- 
phere or the eruption of volcanoes to account for climatic changes 
These occurrences may have had some effect, but basically all we 
need is an explanation of climatic changes going on now. This 
explanation will take care of the period .since our existing moun- 
tains were built, and it will point to the probabilities of the future. 

Whether changes in solar radiation alone caused the ice to melt 
or other causes worked in conjunction with solar changes is im- 
material from the standpoint of rainfall and drought. In either 
case the fact remains that relative warmth of the polar r8<Tions 
would conti-ibute to a deficiency of rainfall in the United States. 
Assuming that a considerable part of extreme northern Canada 
would be submerged in wann periods, winter cold of the conti- 
nent would be much less severe and would be centered farther 
south, where it would be less effective in producing rain. The 
Pacific overflow into the continental sink would be weak and 
would take place in lower latitudes. The dry winter climate of the 
northern plains would spread over much of the interior of the 
United States west of the Ohio and lower Mississippi Rivers. The 
expansion of the Pacific high would cause chronic droughts in 
summer over practically the entire country. 

In the absence of mountains, regardless of polar ice, most of 
the United States would get its rainfall directly from the Pacific, 
and the region of summer drought would spread far to the east- 
ward. Our Gulf States probably would have wet winters and dry 
summers, like the Mediterranean countries. 

These conclusions are especially interesting in relation to 
changes which have occurred in historic times. There have been 
wide swings fi'om dry and warm to cold and wet conditions in 
Europe in the last 2,000 years. During the tenth and eleventh 
centuries, for example, the climate was very dry and warm in 
Europe. There are indications that the arctic ice cap may have 
disappeared entirely. European explorers were able to take routes 
of travel that they would find impossible now because of ice. 

Greenland was settled in A.r). 984. The settlers brought cattle 
and sheep which survived for a considerable time. These colonies 
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disappeared during the fifteenth century. Recent excavations have 
shown that at first the soil permitted bodies to be buried to a 
considerable depth. Subsequent graves were shallower. At present 
the soil is frozen soHd all year long. This evidence shows that 
Greenland was much warmer in the tenth century than at present, 
and there was much less ice or perhaps none at all, at least for a 

short period of years. , . „ 

Whether or not this period of warmth and drought in Europe 
and mild climate in Greenland was experienced also in North 
America is not clear. Evidence of tree-rings does not support this 
conclusion. But the long tree-ring records apply mostly to south- 
western and western United States. In recent years rainfall as 
measured by gages shows wide swings from one part of the coun- 
try to another. There is no reason to believe that the lainfall of 
Galifornia or Arizona is a key to the rainfall of the entire country 
during such a trend. 

Another example of climatic change is found in Yucatan. Hun- 
tington investigated the ancient Maya civilization. He showed that 
at one time Yucatan was inhabited by a prosperous race which 
scarcely could have existed in such a civilized state in the hot 
moist climate which has prevailed there in recent times. There 
was a long period of active development which culminated in the 
building of great cities in the southern areas of Yucatan This 
civilization lasted from about a.d. 100 to a.d. 350, after which 
there was a rapid decline. There was a revival about a.d. 900 to 
A.D. 1000, farther north in Yucatan, lasting one or two centuries. 
Huntington believes that these periods of great activity must have 
developed in drier and more stimulating climatic conditions than 
exist there at present. On the other hand, erosion, leaching, and 
encroachment by weeds are thought by some writers to be the 
primary factors in the decline of the Maya civilization. But these 
effects could have been associated with increasing rainfall. 

Huntington has also furnished evidence from the history of the 
ancient people of southern Arizona that there have been impor- 
tant changes of rainfall in that region in past centuries. Other 
examples could be mentioned, but a lengthy discussion of this 
topic is not appropriate in a study of drought. 
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Enough instrumental records have now accumulated so that we 
can show quite definitely that there have been long-period and 
persistent changes of the kind discussed by Huntington. Figure 
105 shows the smoothed differences between annual amounts of 
rainfall at Philadelphia and Boston from 1823 to 1927. The ex- 
treme swing is about twenty-four inches of rainfall (smootlied 
values) ox neaxly two-thirds of the annual rainfall at either of 
these places. The small inset curve at A shows the smoothed 
annual differences between Boston and Waltham near the great 
peak of 1868. Waltham is ten miles from Boston. The smal] scale 
shows a remarkable swing of about seven inches of rainfall in a 
distance of ten miles. The seasonal differences in rainfall between 
these two points are caused by differences between land and 
ocean temperatures ( Chapter XI), hence we may deduce that the 
i Boston-Philadelphia oscillations and trends in rainfall distribution 

are caused by changes in solar radiation and lagging ocean re- 
I sponses. The trends in Figures 73, 86, 95 and 98 also show the 

highly significant climatic variations going on at the present time. 

I In Figure 105 the positive values show more rainfall at Phila- 

1 delphia and the negative values more at Boston. The great peaks 



Fig. 105. Smoothed differences between annual amounts of rainfall at 
Philadelphia and Boston, Scales are in whole inches showing excess or 
deBciency at Philadelphia as compared with Boston. Inset scale shows 
excess of Boston over Waltham. Smoothed by formula given under Figure 71. 
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about 1841, 1866, 1889, and 1912 occurred near sunspot minima 
of 1843, 1867, 1889, and 1913. The intervening sunspot minima in 
1856 1878, 1901, and 1923 show generally an intermediate or 
extreme negative value. The trend therefore seems to be an 
accumulated effect of solar variations and heat-storage of the 
ocean, perhaps complicated by changes in vertical and horKontal 
movements of the waters. Whatever the cause, the possibilities in 
long-time trends are evident. The distribution shown by this curve 
may have left an indelible impression on the relative growth of 
suburban and agricultural areas surrounding these great cities, 
but this study is left to some investigator of the future. 

The evidence seems to confirm the conclusion reached by 
Brooks that the mild climate of the ages was caused primarily by 
open oceans in the polar regions. The relatively high temperatures 
and deficiency of rainfall as compared with recent times seem to 
indicate a great reduction in the movement of cold air masses at 
the earth’s surface from high to low latitudes, and this is difficult 
to explain if we assume that there were extensive larrd siufaces or 
frozen seas in the regions surrounding the poles. So far as North 
America is concerned, it is necessary to account for two phe- 
nomena: (1) If the Pacific Ocean in winter had been relatively 
much warmer in higher latitudes (compared to the continent) 
there certainly would have been cold air invasions, at least in 
early winter, into that part of the continent which is now the 
United States; and (2) Extensive land areas or frozen seas in 
higher latitudes would certainly have caused frequent invasions 
of cold air into middle latitudes of North America, at least in late 
winter and early spring. The absence of such invasions in the 
colder half of the year could have been due to open seas and 
absence of polar ice. This would be an adec^uate explanation of 
the uniform warmth and dryness of the climate during long 
periods of the past. 

Applying this to the future, we can understand how one of these 
upward trends in temperature, combined with an exceptionally 
warm interval between sub-oscillations, might result in the disap- 
pearance of such large amounts of glaciers, polar ice, and snow 
that a marked change in climate would be started, with a further 
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progressive trend at a new level of continental warmth. Eastern 
Canada would become a year-round garden and there would be 
little summer rain in the United States except in the northeastern 
part. Greenland s ice would melt away under warn southwesterly 
winds; and the migration of millions of people to noithern Canada, 
Alaska, and Greenland would proceed under conditions that 
would be diflBcult to imagine. 

Finally, returning to the drought problem and to the conditions 
we have known in recent years, we may expect rainfall for the 
United States as a whole to continue to vary between limits of 
moderate deficiency and rather serious excess, with occasional 
droughts. These will probably be somewhat more severe than 
those in the immediate past if deforestation and cultivation con- 
tinue to expand. But there is no good reason to think that occa- 
sional droughts will become a great deal worse than in recent 
climatic history so long as we have extensive frozen seas in the 
polar regions and snow-covered land in winter on the northern 
part of the continent. Nevertheless, our national rainfall in relation 
to crop production seems to be critically balanced at about 
twenty-nine inches. Serious consequences result from persistent 
national deficiencies of 10 per cent or more, and we have a prob- 
lem that will require careful study and planning if we are to 
avoid disaster. 


XX. CAUSES OF DROUGHT— A SUMMARY 

aaaaaa/wia 

In the introduction to this discussion o£ drought we considered 
two widely different points of view, classical and objective; and it 
seems clear from our analysis of national and regional data that 
drought cannot be explained satisfactorily as a chance combina- 
tion of short speUs of deficient rainfall. When we adopt the 
objective view and study the processes by which solar variations 
are translated into changes in the amount and distribution of rain- 
fall, wc see the oceans, and especially the Pacific Ocean, acting 
as the medium through which persistent contiols of rainfall aie 
maintained in the United States. 

The dominant influence of the Pacific Ocean is quite apparent 
in the regularity of summer droughts on our west coast and in the 
permanency of certain arid regions in our Far West and South- 
west. The influence of the Pacific is felt very strongly in the area 
between the Rocky Mountains and tlie Mississippi River, to a 
lesser degree as we proceed toward the east and northeast. 

There are three major subdivisions of the country with regard to 
the control of rainfall variations. First is the region from the 
Rocky Mountains westward to the Pacific Coast. Over much of 
this area the rainfall in the growing season will usually be insuffi- 
cient for crop farming, which must therefore depend on irrigation. 
The ranges, when not overstocked, are dependable for grazing. 
Fruit-drying is a great industry which shows the adjustment of 
agriculture to the regularity of the seasonal deficiency in rainfall. 
The lofty mountains, deep canyons, and giant trees give visible 
assurance of permanency. Even the droughts are dependable. Al- 
though the rainfall is more variable than elsewhere in the country, 
the amounts in summer, except at high elevations, are generally 
belowthe limit required for crop farming. 

The second region extends from the Mississippi eastward to the 
I Atlantic Ocean. Here rainfall is usually ample for agriculture. 

There are droughts, of course, but the driest years are character- 
ized by rainfall that would be an abundance on the western 
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Fig. 106. At last, after centuries of despair in drought and famine, man has begui 
I first systematic, broad-scale scientific effort to wrest the secrets from the atmosp 
I A radiosonde is sent aloft to signal back to earth the data on pressure, temperature, 
i moisture. (U.S. Weather Bureau photo) 

I 

I ranges. In general, rainfall is less variable here than in the other 

I two great subdivisions of the country. At first thought, it seems to 

I be a paradox that the stability of the Pacific Ocean causes rainfall 

1 variations on the continent which are greatest near at hand and 

■ diminish with distance from the Pacific. But it is the resistance of 

1 the Pacific to continental temperature changes that causes the 

i variations, and this resistance is felt less as we go farther away 

j from the ocean. 

I The third region lies between the Mississippi and the Rocky 

Mountains. Here the rainfall is critical for agriculture, especially 
in the Great Plains. The influence of the Pacific Ocean is a vital 
factor. The rainfall of the region varies between extremes which 
are flood-producing at one time and dust-blowing at another. The 
north-south orientation of the mountain ranges permits the rain- 
fall center to sweep back and forth over the entire region, bring- 
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rain to the north when the south is dry, and vice versa. We 
find strong evidence of the influence of solar variations in the sea- 
sonal and longer-time contrasts in rainfall distribution between the 
Gulf Coast and the interior and between the northern and south- 
ern parts of the region. 

The rainfall picture for the country as a whole h understand- 
able only from the objective point of view. The variations in rain- 
fall which are associated with solar' variations are of surprising 
magnitude. (Figs. 71, 73, 74, 86.) In this book, using the objec- 
tive point of view, we have toied to put the drought puzzle to- 
gether from the evidence at hand. A sur'vey of the results shows 
that we need more concentrated study and collection of more 
data. The problem is so impor'tant' in the rrational economy that 
considerable expenditure on studies of climatic change and 
drought occurrence would be justified, and the ultimate return 
would almost certainly greatly exceed the cost. 

In the past there have been two distinct methods of dealing 
with rainfall. The first method uses daily reports of the amount 
of rain which falls at each of many poirrts over the United States 
and adjacent territory. Reports from ships tell us whether or not 
it has rained at points on the ocean where the ships happen to . 
be; but they do not report the amounts, for ships are not equipped 
with rain gages. The rainfall reports from the oceans and conti- 
nent, together with air temperatures, barometer readings, winds, 
clouds and other elements, are entered on maps. The movements 
rain areas are followed from day to day, and in some cases 
from hour to hour. These maps show rainfall in relation to storms 
and the movements of cold or warm air masses. By the second 
method, rainfall is tabulated by monthly and annual amounts, and 
the departures from the normal climate are noted. Nearly all of 
the discussions in this book have dealt with rainfall variations in 
neither of these classes. They are not shown on weather maps or 
in climatological tables. 

We know, for example, that certain amounts of rain normally 
fall in Wisconsin and Louisiana. It is plotted on the daily weather 
maps and shown in the tables of rainfall for the two states. In 
some months and years these amounts are larger than in other 
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Fig. 107. The radiosonde ready to be released The pan 
the high level where the balloon bursts, perhaps saving 
which is a marvel of ingenuity, combining a small weatl 
Thanks to military developments during the war, this i: 
that is, it now sends back wind direction and speed at : 
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months or years. While these records show that in general there 
may be more or less rain in Wisconsin or Louisiana, they are not 
charted or tabulated in a manner that shows clearly the sequences 
in the changes of distribution. The diflFerences of rainfall between 
the two states are important (Fig. 86) because they are asso- 
ciated with drought. The distribution of rainfall is not a fixed 
element of climate, as one might conclude from maps of normal 
rainfall in the United States. It is a variable determined by the 
broad controls of sun, atmosphere, continents, and oceans. 

There are two phases of the problem, the quantity and the 
distribution. They are not independent, but in certain respects 
quantity and distribution must be treated separately. The oceans 
are the important terrestrial factors, but in the absence of long, 
accurate, representative records of temperatures of the ocean sur- 
faces, it is not possible to do more than show the nature of the 
problem and the line of attack. For example, nothing in this 
discussion has indicated what might be expected in the way of 
variations in rainfall in South Carolina. That would be a separate 
problem. We would have to study the South Carolina rainfall 
records in relation to the quantity and distribution of rainfall in 
the remainder of the country, with special attention to ocean- 
continent temperature contrasts, seasonal variations, oscillations 
and sub-oscillations, and the trend. This should lead to an under- 
standing of how the 'sun can pick out South Carolina” and cause 
a drought in that state while some adjoining areas might have 
normal rainfall. 

If any one fact stands out in this study, it is that each local area 
will have to have its own drought problem solved separately from 
the others. This applies to larger areas when we consider the rain- 
fall of the earth. The causes of rainfall are not the same in all 
parts of the earth, and therefore the causes of rain deficiency will 
not be the same. Near Tampa, Florida, for example, a large pro- 
portion of the rainfall is derived from local thundershowers. The 
occurrence of showers at Tampa is connected with relative tem- 
peratures of land and the nearby Gulf and Atlantic watei^s. 

At St. Paul, Minnesota, however, most of the rainfall is cyclonic. 
St. Paul is in the meeting ground for warm moist air from the 
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south and cold air masses from Canada, and drought is traced to 
the absence of one or the other of these air masses. As a third 
example, the rainfall in many mountainous areas of the west is 
orographic; that is, the rainfall comes from prevailing winds 
against mountain slopes. The important factor in getting adequate 
rainfall is not the moisture content or the temperature of the air 
but the frequency with which the air is forced up the mountain 
slope so that condensation and precipitation take place. 

In Europe, rainfall comes from the Atlantic Ocean in the normal 
flow of the prevailing westerlies. There is no north-south moun- 
tain range in western Europe as there is in North America. There- 
fore, the temperature of the Atlantic affects European rainfall 
directly; while in the United States east of the Rockies, moisture 
from the Atlantic and Gulf is controlled indirectly by the Pacific. 
The rainfall in Europe is probably dependent on relative Atlantic 
temperatures which determine the intensity and extent of the 
Atlantic high pressure area normally centered near the Azores 
(Fig. 59.) Like the Pacific high, the high near the Azores is 
variable in position and extent both from year to year and from 
season to season. The Mediterranean has summer droughts like 
those on our Pacific Coast. When the Atlantic high expands and 
shifts to the northward, much of Europe becomes dry. 

In a study of great British droughts, Harding concluded tliat 
the controlling factors of the weather associated with drought in 
Great Britain are low barometer to the north of the British Isles 
and a relatively high barometer in the south of England; in other 
words, an extension of the high from the Azores toward and over 
England and the Channel. Most Italian droughts have been asso- 
ciated with the apparent joining of the Siberian and Atlantic high 
pressure areas across Europe. Richardson concluded that al- 
though the primary causes of drought were unknown, Australian 
droughts are connected with the temperature differences between 
the southern portion of Australia and the Great Southern Oceans 
along the 40th parallel of south latitude. 

Even accurate records of temperatures from all parts of the 
oceans would not solve the problem. It is the relative tempera- 
ture that matters. The Pacific Ocean is relatively cool in summer 
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and relatively warm in winter, but its absolute temperature is 
actually slightly higher in summer. Hence, if we had all the ocean 
temperatures we need for our period of years from 1886 to 1944, 
we could trace in greater detail and with greater assurance the 
processes which lie between solar variation and drought, but we 
would have to depend to a large extent on the observed pressure, 
wind, temperature, and rainfall conditions over both the ocean 
and continent to deteimine whether or not the ocean tempera- 
tures actually were relatively cool or warm. 

Even at the risk of too much repetition it seems important to 
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Fig. 108. A gage for measuring rain or snow. The large container, when fitted with the 
cover in the middle, catches the rain. It is then poured into the small container at the 
right where it will be ten times as deep as in the large container, thus expanding the 
scale and making it easy to measure. Snow is melted before it is measured. (U.S. Weather 
Bureau photo ) 
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point out an apparent inconsistency in the discussions of droughts 
! in the preceding chapters. The two ideas which appear to be con- 

j tradictory are as follows: (1) That rising or high temperatures 

I over the continent make the oceans relatively cool and cause a 

j reduction in rainfall over the United States. This happens in the 

I first half of the year when the sun is coming northward, and is 

accentuated during periods of increasing or maximum sunspots, 
(2) That relatively more rain falls in the United States in the 
first half of the year during periods of high solar activity (Fig. 
71 ) and less when solar activity is low, 
j The first statement should be perfectly clear. One of the main 

points of this book is that a relatively cool ocean or a relatively 
warm continent causes less rain in the United States as a whole. 
It is true that more rain usually occurs in the first half of the 
year than in the second half when solar activity is high or in- 
creasing, but this does not necessarily mean that more than nor- 
mal rain falls in the first half of the year, but rather that a larger 
portion of what may actually be a deficient annual rainfall oc- 
curs in the first half of the year. For example, in fifteen years with 
i national rainfall below 95 per cent of normal, eight years had sun- 

spot numbers averaging above 30; and in those eight years, the 
rainfall in the first half of the year was 93.8 per cent of normal 
and in the second half 88.2 per cent of normal. On the other hand, 
the remaining seven years, with sunspot numbers below 30, had 
88.2 per cent of normal rainfall in the first half year and 92.8 per 
cent in the second half year. In the eight years with high solar 
activity a higher percentage of rainfall occurred in the first half 
of the year, and yet the rainfall in the first half was decidedly 
deficient. As another example, in seven years with very high sun- 
spot numbers (80 or above), the rainfall in the United States in 
the first half year averaged 101.0 per cent and in the second half 

90.8 per cent; and for the year as a whole they averaged only 

95.9 per cent of normal. 

Figures 74 and 86 show that in years with high solar activity a 
larger percentage of the rainfall goes farther into the interior. 

' Wisconsin gets relatively more than Louisiana and Amarillo rela- 

tively more than Galveston. Figure 80 shows that April and May 
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Fig. 109. The automatic rain gage. Rain caught in the top runs into the small tipping 
bucket inside. One hundredth of an inch of rain is enough to tip the bucket, dump one 
side, and bring the empty side under the spout, and thus it tips back and forth and the 
record is electrically carried to a recording instrument in the weather office. The rain 
water is drawn off at the bottom and measured in a container having one tenth the 
cross section of the large container. This measurement is used to check the automatic 
record. (U.S. Weather Bureau photo) 
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lainfall increases and September rainfall decreases with increas- 
ing solar aetivity. But the variation in yearly amounts is a com- 
posite of seasonal variations. When Amarillo gets relatively more 
than Galveston and Wisconsin relatively more than Louisiana, 
the total rainfall is likely to be deficient because Galveston nor- 
mally has more rainfall than Amarillo, and Louisiana more than 
Wisconsin. The relative excess in the interior of the continent 
does not fully offset the deficiency in coastal states. 

The drought problem is so complicated that it has been neces- 
sary to reduce it to simple terms of yearly rainfall on a national 
basis before discussing the basic controls. This does not lead to a 
simple solution of short-period regional or local drought prob- 
lems, but it does provide a basis for their solution. The com- 
plexity and magnitude of the problem are shown clearly by the 
fact that the rainfall data for each month and year in the period 
from 1886 to 1944 for each of the states and sections into which 
the United States is divided would give us more than thirty 
thousand values to consider, and for local studies these tabula- 
tions would be too crude for our purposes. For example, the rain- 
fall of Texas by itself shows seasonal and other cycles of large 
magnitude between the East Coast and the Panhandle (Fig. 74), 
and even over such short distances as fifty miles (Fig. 58). 

The climate, as we know it, depends on the action of a very 
thin skin of atmosphere near ground level. The cold air which 
comes steadily, intermittently, or not at all, from Canada into the 
United States, is not deep; and usually the entire process does 
not represent a major portion of the atmosphere. But it is as im- 
poi'tant to us from an agricultural standpoint as though it in- 
volved the entire atmosphere. Oscillations and trends in tempera- 
ture and rainfall are mainly the result of the actions of this thin 
skin of surface air. This does not mean that an extremely cold 
month in North Dakota, for example, requires a cooling of the 
entire atmosphere or even a large portion of the air in the North- 
ern Hemisphere. In fact, the atmosphere as a whole, even over 
North America, may be warmer than usual. The cold weather in 
North Dakota may represent merely the southward movement of 
a thin surface layer of cold air from Canada. 
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The changes of clirnate shown in geologic lecoids might even 
be explained by a persistent flow of a relatively thin skin of sur- 
face air from nortlr to south (or its absence) without actually in- 
volving any fundamental change in the disttibution of continents 
and oceans, in the constitution of the atmosphere, or even in 
solar radiation, except changes of the nature and magnitude that 
we observe today. For example, the change amounting to about 
25° in mean monthly temperatures in winter (Fig. 98) is accom- 
plished by nothing more dramatic than a seasorral change in the 
movement of a thin stream of cold air from Canada into the 
United States, yet this trend in December-February temperatures, 
if applied to the entire winter, would be almost of the same mag- 
nitude as the temperature changes in geologic times. 

The presence (or absence) of cold surface air from Canada is 
important because of its close relation to the occurrence of 
drought in the United States. The great importance of the drought 
problem has been indicated in the discussion of economic effects, 
including the forced migration of large numbers of settlers from 
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or decreasing. The increased circulation of the atmosphere in 
turn causes changes in the distribution of ocean temperatures. 
First, tliere is a cooling due to mixing of the waters; second, there 
is the effect of oceanic circulation. Therefore, when solar radia- 
tion increases or diminishes, the ocean temperatures lag behind 
and are relatively high or relatively low compared with conti- 
nental temperatures. This causes changes in the amount and dis- 
tribution of rainfall. 

It is especially important that there is more than normal rain- 
fall in the United States when pressure east of the Rocky Moun- 
tains is relatively high in the north and relatively low in the south. 
When this condition prevails, more Pacific air comes into the 
northern part of the continent than in the southern part. At the 
same time, the pressure on the Pacific Coast and presumably 
over the eastern North Pacific Ocean is relatively low. Conversely, 
continental pressures are relatively low in the north and 
high in the south, and rainfall is deficient in the United States, 
Pacific pressure is high, especially in the north, presumably be- 
cause less air comes from the Pacific into the northern part of the 
continent. 

Because of the prevailing westerly circulation of the atmos- 
phere in our latitude, the air must come over the mountains into 
the middle and eastern parts of North America; and if it does not 
go over in the north, it must accumulate and be forced over in 
south. When this occurs, there are profound changes in the 
distribution of rainfall, and droughts are serious and widespread. 
The proportion of the westerly circulation which goes over in the 
is clearly controlled by the seasonal changes in the relative 
position of the sun and also in a marked degree by the variations 
in solar radiation which are evidenced by the numbers of sun- 
spots. Cyclonic storms move on tracks which are determined by 
the circulation of the atmosphere and the distribution of pressure. 

tracks therefore change with the seasons and with the 
changes in solar radiation. 

There are variations in solar radiation in addition to those in- 
dicated by the sunspot cycl^. The accmmilation of accurate 
measurements of solar variations undoubtedly will enable us to 
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treat rainfall ill relation to these short variations and also in the 
longer periods which are associated with trends. 

Rainfall in the United States is dependent on relatively low 
temperatures over the northern continent and relatively high tem- 
peratures over the northern Pacific, Ice and snow-covered land 
in the far north undoubtedly contribute in a large measure to the 
temperature differences in the thin skin of surface air masses. The 
cold air masses are needed to produce adequate rainfall. There i^ 
evidence that the droughty weather of the long warm periods of 
geological records was associated with open seas and with warmer 
conditions in the far north than exist at present. There is also 
evidence that cultivation of fields and other man-made changes 
in the land surface of the United States have contributed to rela- 
tively higher average continental temperatures in spring and sum- 
mer, and that this in turn is probably responsible for a small but 
significant part of the downward trend in rainfall. There have 
been, and probably will continue to be, temporary reversals of 
this trend, owing chiefly to the long-term changes in solar radia- 
tion and in the temperature of the eastern North Pacific Ocean. 

In the past our failures to treat the drought problem success- 
fully in the United States have been owing to two factors; (1) 
we did not realize that tlie great air stream which crosses the 
United States from west to east, and which is forced to hurdle 
our western mountains, is the basic control of our rainfall; and 
(2) neither the daily weather maps, which are absolutely essen- 
tial in forecasting day-to-day weather, nor the methods of pre- 
senting our climatological data, which are essential for other 
purposes, are satisfactory for a treatment of droughts and other 
phenomena which represent temporary changes in climate. The 
future must bring us two necessary aids: (1) more accurate and 
longer-continued measurements of solar radiation, including the 
ability to predict these variations with at least a fair degree of 
accuracy; and (2) a different technique of studying and predict- 
ing weather phenomena, such as droughts, which are intimately 
dependent on basic controls of sun, atmosphere, continents, and 
oceans. 


Weather forecasters use the term “synoptic ' in connection with 



Fig. 111. These are barometers of the mercurial type which have been used for many 
years to give measurements of atmosphere pressure accurate to approximately one 
thousandth of an inch of a column of mercury. (U.S. Weather Bureau photo) 



CAUSES OF DROUGHT 


weather observations and maps. “Synoptic” meteorology usually 
covers a large area but only considers short sequences of con- 
ditions. Meteorologists should accept the idea that climate is 
changeable like the weather and is under control of the same 
^ basic forces. The technique necessary to deal with such phenom- 

ena is “synoptic climatology/’ as illustrated by the treatment of the 
drought problem in this book. 

It is not the intention of this book to propose that droughts be 
• predicted by means of sunspots, or Pacific temperatures, or any 
other single factor. Sunspots have been used to show the solar in- 
j fluence because sunspots are the only dependable indication of 

j solar variations we have for any considerable period of time in 

the past. If solar variations in the sunspot cycle have an effect on 
; the distribution of rainfall, so will other solar variations of shorter 

and longer periods. 

I Drought is one extreme of the hydrologic cycle. At the other 

extreme we have excessive rainfall and floods. The rainfall varia- 
tions discussed here apply to both drought and flood, but there 
is a difference. When the northern branch of the Pacific aii-flow 
across the Rockies is very strongly predominant, there is deficient 
rainfall in parts of the United States because the prevailing winds 
blow across the continent to the ocean, and little moist air comes 
in. When the southern branch predominates, the rainfall is de- 
ficient again. It is only in the intermediate stage, when there is a 
moderate amount of cold air from Canada and when plenty of 
moist air from the Gulf and Atlantic is also present, that we have 
' conditions most favorable for excessive rain along the border be- 

tween the two air masses. The treatment of floods involves a prob- 
I lem slightly different from the drought problem. 

I When variations of temperature and other conditions of the 

atmosphere are correlated with sunspot numbers in a long se- 
1 quence of years, there appears an occasional reversal which is 

^ known as a “change of phase.” Years near times of maximum 

i sunspots may be generally colder than years near sunspot min- 

ima. Two or more solar cycles may occur between changes of 
; phase. A change of phase marks the end of a trend. When solar 

I radiation is progressively increasing through several solar cycles, 
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the temperature depression of the warm sub-oscillation predom- 
inates; when solar radiation is progressively diminishing, the tem- 
perature depression of the cold sub-oscillation predominates. This 
causes the principal temperature depression of the solar cycle to 
shift from sunspot maxima to minima, and vice versa. Tempera- 
tures at Bismarck, North Dakota, for example, show a change of 
phase in the late eighteen-eighties, and another seems to be in 
progress at the present time. 

World temperatures, which have been rising generally in the 
present century, seem to have started downward again, beginning 
a new trend. The change of phase of the late eighteen-eighties 
and the beginnings of the new one about 1940 are in evidence in 
Figure 97. It may be several years before this new trend is defi- 
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Fig. 112. A ‘‘weather ship” (U.S. Coast Guard Cutter witli U.S. Weather Bureau 
Observers) stationed at a fixed point in the Atlantic to take and transmit complete weather 
observations, including frequent upper air soundings. Accurate observations from the 
oceans are essential for an understanding of drought and similar phenomena. (U.S. 
Weather Bureau photo) 
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nitely established. Changes in amount and distribution of rainfall 
are closely associated with these long-term temperature trends. 

Observers of world temperature are suspicious that this new | 

trend means that we will have colder years and presumably i, 

somewhat more rainfall. After the sunspot maximum in the late 
nineteen-forties, when another cold sub-oscillation begins, the 
evidence may be more conclusive. At the present time, in con- J 

sideration of our relatively short series of accurate weather rec- J 

ords, this is a matter for speculation. 

In conclusion, the writer regrets that it is necessary to say that 
the problem of drought is not completely solved. A great deal of 
work remains to be done. The changes of the future may bring 
new phases of the problem which will have to be studied. 

The pattern of world rainfall is vital to human civilization. j 

Time has scrawled a bold but cryptic message, alternately dry ; « 

and moist, on the rocks, on the fossils of flora and fauna of the : 

ages, and finally on the gravestones of civilizations. The scrawl 
continues, and at last our thermometers, rain gages, barometers, . 

rawinsondes, and other instruments are beginning to decipher the j | 

story. (Figs. 106-112.) The record shows unmistakable evidence J !; 

of the interactions of atmosphere, oceans, and continents, under ^ ’ 

the basic control of the sun. ; |; 

In the future, farmers will not have to gaze despairingly into a . s 

clear sky, wondering if a few clear days will continue into a dis- 
astrous drought. Even if we are never able to control the climate, ; i s 

much will be gained by knowing what to expect. Droughts are 
not mere chance occurrences; they are part of a physical process ' i 

which can be measured and studied and predicted with increas- 
ing precision as our observations of the sun and the upper air and 
the oceans continue to accumulate. 
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APPENDIX A 


TABLE I 

Average Precipitation and Temperature 
in the United States 

Table I gives averages of montbly and annual precipitation, by states or 
sections, for the 55 years, 1886-1940. All values are for individual states, 
except tbe New England section and the states of Maryland and Delaware, 
which are each given a section. These data are from the Climate and Crop 
Weather Division of the Weather Bureau as compiled by J. B. Kincer. The 
table is followed by a group of small charts (Figs. 113 to 118) showing 
normal temperature and precipitation by states for each month of the year. 
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Fig. 113. Normal temperature and precipitation in the United States. Above, January; below Febru; 
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Fig. 114. Normal temperature and precipitation. Above, March; below, April. (U.S. Weather Bureau) 




Fig. 115. Normal temperature and precipitation. Above, May; below, June. (U.S. Weather Bureau ) 






Fig. 116. Normal temperature and precipitation. Above, July; below, August. 
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, APPENDIX B 

TABLE II 

Precipitation by Months for the 
United States as a Whole, 1886-1943 

Averages for each month for each state or section are weighted according 
to state or section area. The sums of the averages for all states detennined 
in this manner are expressed as percentages of the normal national rainfall. 
For example, the number 137 for January 1886 indicates that the sums of 
the weighted averages of all states was 137 per cent of the national normal 
for January. 
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1909 

119 

136 

91 

95 

109 

112 

107 

91 

94 

77 

140 

117 

107 

1910 

95 

97 

42 

83 

95 

86 

92 

86 

89 

99 

79 

74 

85 

1911 

109 

98 

73 

118 

70 

75 

105 

119 

in 

124 

102 

130 

102 

1912 

83 

88 

138 

134 

104 

97 

108 

114 

105 

104 

72 

92 

104 

1913 

123 

89 

123 

82 

88 

92 

95 

72 

135 

125 

114 

no 

103 

1914 

lOS 

99 

77 

109 

90 

97 

89 

122 

89 

120 

77 

115 

99 

1915 

125 

131 

61 

92 

137 

109 

128 

136 

113 

90 

100 

117 

112 

1916 

170 

80 

81 

83 

103 

112 

119 

97 

82 

100 

72 

96 

100 

1917 

92 

83 

100 

108 

93 

83 

91 

92 

91 

67 

45 

66 

85 

1918 

100 

79 

76 

117 

91 

77 

83 

94 

104 

141 

114 

115 

98 

1919 

83 

123 

109 

97 

116 

105 

114 

96 

98 

173 

137 

78 

no 

1920 

96 

74 

114 

131 

99 

102 

97 

129 

103 

106 

111 

118 

107 

1921 

89 

80 

103 

113 

89 

103 

104 

98 

109 

70 

113 

97 

98 

1922 

88 

IIS 

144 

123 

112 

93 

104 

85 

66 

83 

100 

114 

102 

1923 

103 

89 

98 

114 

111 

113 

99 

111 

118 

121 

93 

123 

108 

1924 

87 

84 

91 

92 

88 

97 

85 

84 

' 120 

70 

65 

113 

90 

1925 

98 

80 

62 

82 

68 

101 

97 

77 

117 

146 

106 

70 

91 

1926 

104 

94 

96 

92 

78 

86 

104 

122 

134 

120 

137 

115 

106 

1927 

74 

125 

105 

126 

104 

110 

104 

106 

104 

115 

126 

118 

109 

1928 

53 

87 

95 

117 

82 

145 

109 

120 

90 

107 

102 

75 

100 

1929 

101 

96 

114 

119 

128 

91 

95 

69 

116 

125 

100 

92 

104 


240 




WEATHER RECORDS 


YEAR 
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«■ 

MAR. 

APRIL 

% 

JUNE 

JULY 

c 

cr 

ti 

o 

o 

d 

§ 

V it 

A , 

§ ! 

1930 

- Ill 

• '81 

79 

72 

113 

80 

66 

75 

98 

113 

113 

58 

88 ' 

1931 

70 

86 

94 

83 

82 

74 

98 

103 

85 

91 

120 

148 

94 Si 

1932 

143 

: 103 

92 

84 

84 

106 

93 

109 

89 

121 

103 

129 

104 ■; 

1933 

98 

89 

104 

103 

120 

50 

105 

110 

103 

80 

49 

113 

94 

1934 

80 

77 

96 

72 

64 

89 

75 

87 

123 

80 

147 

82 

88 '1 

1935 

103 

78 

112 

109 

134 

111 

95 

96 

104 

78 

103 

78 

101 ‘ 

1936 

123 

122 

86 

81 

81 

65 

85 

85 

126 

100 

58 

123 

94 ! 

1937 

161 

402 

87 

107 

81 

108 

94 

100 

83 

128 

101 

105 

104 1 

4938 

92 

111 

130 

109 

.116 

109 

, 122 

79 

104 

60 

98 

74 

101 -1' 

1939 

108 

436 

84 

87 

78 

115 

86 

103 

68 

76 

51 

77 

90 

1940 

85 

138 

92 

121 

79 

103 

91 

116 

82 

84 

140 

127 

104 

1941 

90 

84 

85 

117 

94 

133 

114 

103 

130 

183 

87 

120 

111 

1942 

68 

93 

101 

116 

112 

122 

92 

116 

116 

103 

111 

126 

107 

1943 

93 

57 

117 

79 

123 

111 

92 

80 

79 

90 

70 

76 

90 

1944 

83 

124 

125 

129 

106 

101 

84 

113 

100 

66 

132 

91 

104 !'• 

1945 

77 

128 

129 

123 

101 

121 

112 

101 

142 

93 

108 

118 

113 !! 






SP s 
0 y 

u 

s 

Of+J 

ctf 

'TJ e 
0 

U5 5 

2 i 

0 « 

OJ <1 

;h __. 

.g 

o 

05 ’43 

rH 

1 4 ~> 

s *.& 
,00 0 
rH 0 
H 

0 

>^’:j0 
o « 

2-5 

^ § 
^ 0 


Noioaa 

NISNOOSI.W 

viNioaiA isaAv 

VINlOaiA 

aassaKNiix 

VMiaoavD Hinos 

VINVAlASNXaX 

OIHO 

VKnoavo hi«on 

xaoA .wax 

Aasaaf *waN 

aNVTJxa Avax 

MdlaSISSIIAT 

NVOIHOUAT 

aav.wvaaa 
UNV cxvi (.aVIM 


OOOH - HSO ’^ O ' OM ' rrJt ^ H ; 

; /H «3 VO On 
) O' O' 


fOCVtfMfor'jcvjfOcorfOQoj 

v ^ oi ^ H - O ^ O ' OOOO ' OO ' 

Tl - Or ^ r -< li 0 ' O 0 '" r -< m ' OH - 0 j 

OO'CT'O'rHOOO'OOOOO'O 


OCMrvloO ' TJjJOOS ' OOVO ^ HC ^ 

O (^ O 00 r ' 0 OO ' O «>« t''OO 


O'-tfOt-HrHOO'O'OOO'O'rH 
■ T — < T *-< . 1 — t 

g S ^ Pi 8 3 S s: § ® S8 § 


O' O oo O' O 


WEATHER RECORDS 


l OC O ' T-J O ^ O ' c 

r - iOO ' N - lC ' JOJO ' C ' 

oaO'OT-ir^O'O'OC 

rOlOfO'T'-^oOCOO 

OcorvjO'O'cot'^fM 

'OrO'OC'JC'COCOO 

OOnOOnOOCn^ 

asssssss 


ggsss 


WEATHER RECORDS 



rO r-< mD fO'O -r~<l/5 fOlOO^i— tO'OO^ »-tTPfMfOi^T-iON OC fC O tM 'T 1>- 0.| C*! 


CMOOOOwOOO\OOOOCOOO'-<OOONCOO\OOOOOCNOO<?»fOOOO 


C0Trcv3i-<l01>-OJ''^v0Or'ir0rvJoCM<VJOtnciC00 0')00r0\0i-<OlL0r^f0<~<f^Ol0< 
ooocNOOo\a>»~<c3\oooO'00'0^oo'OoocNOO'Oo»-'Ooooco^ova.* 

rooorooooO’O'Or^CNrociorrO'oo’^rfOrMO— <oofMO«''COcC'!rOT 
»-iC>T-<0'00'00\00>i— lO'C'CTvO' - 

m'0'^'^,-Ht^»-<C>'OCM'OrOr-it-<l/ir',OfOlO'OOOlOOiOOl 

ocooO'OO'C oo t-<co— iOT-(r^oocN>-^f\ir^cooi>-oc 

rOt^»-tf\lTrNOOOr*'.»-ifOOOO’^lD<MlOCNOvfMl-^r'*^0\OC'J»-<U5CiOCM{ 
OC^OO'OO'OvO'OOONOOOvOO^OvOOCONOOiOOO^OOOOC 

OOT-(' 0 «'OfOON»^'^rM'^oort>.-ir'.oo»- 4 '*tr'— icr. ogovoi^o' 

r-<OOCiOOOOOOOO^^CCO'»„OOvONOOCNt'~cCCO.OOvO« 

Cs]gssoC4VO'OTrMOJU5CC!Oio;3;t^rOOO'OfOi-ir>.rc'0<MvHON<M0 01f223iS!$iC?'9 

0\0'0'000'0\ONOvO'r-(0000'®OOvO'OOsONCOONOOoO>i— ii-HCaO'Ot'*00\0\i-< 

f0^ooooc>jr^iO'^*-<0'»~i(Mrfippo'Oioi>-'*rooenio^i>.*»r2*MrJTrt^^cO'r*-t 

,-iwSoOOO\3oOv^^O\^H^t^OOOCN^CNOvMO'OCNQOOOsO*-jOOO>t'.^^ 

o!S>»/50»-iCviot'-ov\oinvovrj2P'^c>TropO'?roooOTrrrq'^3rO'r^vnioini;Cvo 

?iOo\O.Or-<C\OvOiC>OOOvCNooo0^jOr'»OOOciOO>CSOOOOsOO^OOs^( 

fNj2:»-iVOrOtOvOO>«M'OON'rirjC'<M<^lOOO'0»-''-(;0^<\Jl£JCvlcONOWa>^;-iQ;:H 

oOocf'T-tooooi— iooo»-<®'0'i~ir-HOO'o O', o oo ^ 00 o o 00 m 
fvl OJ O lo rvj <'0 fO O' 'O 00 O' ^ oo ^ xn ro O' to Ov o ig ;S! S' 

^oi-I^OOC^OOvON— <O'OO'00 -^CMOnt~.J''0'OOwo00^OO'0000 


TABLE IV 
Frecipitation—Middle Division 

The percentages given here are similar to those in Table III except that 
Table IV refers to states between the Mississippi River and the Rocky 
Mountains. 


■IfL' 

lit'’'' 


78 85 

95 102 


92 107 
120 118 


78 121 

96 87 

118 101 

86 93 

102 113 

73 79 

108 142 

93 115 

90 92 

129 118 

116 102 

103 102 

102 114 

92 130 

94 64 

103 102 


89 103 

110 128 

88 94 

85 90 

93 106 

113 119 

113 103 

99 104 

97 97 

125 96 

77 102 

88 91 

102 107 

137 95 

105 116 


98 115 

106 104 


119 107 

71 84 

115 89 

102 117 

104 80 

93 97 

95 116 

103 106 

73 101 

114 121 

140 112 


100 101 

75 95 


no 111 

98 98 

88 so 

88 100 

125 101 

109 101 

96 135 

116 94 


112 112 

128 :ioi 

101 105 

131 117 

121 98 

92 102 

117 109 

114 113 


114 124 

113 101 


no 100 

103 94 

91 111 

90 99 

80 105 

100 100 

94 97 

99 107 

99 138 

102 114 

85 116 

91 78 


103 120 

73 73 

103 93 

114 102 


116 105 

116 115 


84 

104 

101 

; 52 

97 

74 

87.1 

107 

98 

107 

76 

122 

91 

94.8 

91 

100 

94 

87 

90 

139 

105.3 

60 

100 

68 

97 

97 

125. 

97.0 

66 

77 

103 

124 

81 

113 

96.3 

115 

137 

117 

93 

98 

100 

105.6 

104 

109 

109 

124 

126 

96 

108.6 

105 

71 

94 

80 

89 

67 

84.9 

102 

; 62 

92 

80 

82 

91 

86.8 

79 

85 

103 

no 

86 

108 

95.9 

109 

116 

134 

74 

111 

90 

105.2 

106 

105 

95 

96 

99 

89 

96.8 

no 

92 

96 

124 

77 

93 

103.6 

lOO 

88 

104 

113 

99 

94 

97.2 

93 

107 

113 

102 

105 

138 

113.1 

102 

103 

115 

71 

112 

73 

87.1 

103 

132 

115 

127 

103 

111 

116.1 

105 

120 

114 

92 

111 

108 

108.7 

75 

106 

106 

93 

88 

98 

95.6 

92 

141 

112. 

124 

130 

137 

123.8 

125 

117 

119 

ils 

130 

103 

112.1 

119 

90 

85 

106 

99 

111 

103.8 

129 

119 

no 

149 

119 

108 

116.7 

•134 

no 

107 

85 

120 

/ 77 

104.7 1 

108 

75 

74 

59 

79 

70 

78.3 

125 

95 

109 

91 

96 

95 

102.4 

117 

96 

120 

89 

95 

■86 

98.0 

104 

98 

87 

103 

92 

118 

103.7 

102 

93 

112 

- 81 

113 

124 

105.0 

127 

160 

114 ' 

142 ' 

151 

105 

124.8 

125 

84 

118 

91 

109 

81 

98.1 

97 

92 

64 

70 

88 

53 

74.6 

93 

100 

95 

105 

113 

95 

98.5 

73 

112 

92 

108 

104 

149 

112.8 . 

■ 98 

no 

91 

114 

123 

112 

106.3 

98 

92 

115 

94 

99 

94 

97.0 

102 

90 

118 

106 

113 

108 

104.2 

122 

126 

105 

141 

116 

132 

113.4 

92 

94 

101 

87 

94 

77 

88.8 

no 

93 

99 

89 

83 

84 

92.5 

93 

93 

91 

122 

92 

119 

104.5 

139 

106 

127 

124 

122 

91 

113.8 

88 

102 

106 

114 

92 

95 

102.1 

88 

102 

85 

111 

109 

102 

99.9 

83 

116 

88 

96 

94 

97 

93.4 

68 

86 

89 

99 

75 

96 

90.6 

109 

92 

102 

106 

101 

112 

103.1 

105 

91 

SO 

96 

79 

85 

89.4 

75 

64 

56 

86 

66 

88 

80.0 

73 

102 

107 

115 

89 

123 

106.0 

76 

65 

52 

71 

58 

101 

77.6 

87 

79 

101 

88 

91 

88 

91.2 1 

112 

95 

91 

104 

92 

89 

99.6 ; 

84 

69 

82 

81 

79 

80 

82.8 j 

100 

74 

101 

103 

79 

114 

100.0 

116 

104 

135 

143 

108 

141 

123.2 

114 

114 

■111 

125 

126 

109 

113.6 

102 

78 

109 

90 

94 

84 

92.9 

104 

124 

128 

113 

129 

118 

115.4 

100 

103 

88 

131 

95 

no 

110.2 . 



TABLE. 

Precipitation-~Western Division 

The percentages given here are similar to those in Tables III and IV ex- 
cept that Table V refers to states from the Rocky Mountains westward tc 
the Pacific Coast. 
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sistance to temperature changes 
of, 80, 171, 215; temperature and 
evaporation, 54; upwelling of, 78 
Ohio, 39, 233 
Oklahoma, 122, 233 
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tion to temperature, 67; see rain- 
fall 
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75; at Portland, as measure of 
Pacific high, 84; at Portland in re- 
lation to national rainfall, 81-87; 
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rainfall, 97-106; at Santa Fe and 
national rainfall, 93, 100, 102, 106; 
changes in relation to drought, 
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radiation of heat, 91 

radiation, solar, variations in, 1, 5, 
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fall, 16, 184 

rainfall, and destruction of forests, 
16; and explosives, 16; and ocean 
currents, 16; and population, 24- 
27; and Roman Empire, 31; and 
runoff, 67; and sunspots, 137-146, 
155-175, 221; annual amounts in 
the United States, 82; artificial 
production of, 183; by States, 233; 
causes of, 54-66; controls of. 111, 
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for agriculture, 31, 213; cycles in, 
63, 155-175; deficiencies, 72, 83, 
218; deficient, in second quarter 
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of, and marginal areas, 24; double 
variation of, in sunspot cycle, 174, 
175; effect of battles on, 183; ef- 
fect of ocean temperatures on, 72, 
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pared with interior, 137, 138; of 
earth, 26; oscillations of, 121; per- 
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ting of, 76; production of, by 
cooling of air, 57, 58; reports of, 
by ships, 216; seasonal changes 
in, 137, 138; secular variations of, 
43; shift in latitude of, 119, 121, 
197, 216; sub-oscillations of, 161, 
162, 165-175; trends in, 165-175; 
variations of, 216, 218 
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gress, 183; use of gas, 183 

262 
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San Francisco, 78, 80, 87, 187 
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Santa Ana winds, 45, 99 
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surface by, 152, 153; weather, 
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simoom, 44 

sink, in atmosphere over cold re- 
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soil, blowing of, 12, 6T; conservation 
of, 12; deficient moisture in, 39; in 
Iowa in 1934, deficient moisture of, 
39; moisture of, as affecting rain- 
fall, 10 

solar radiation, 43, 200, 202, 204, 
216; eliange of, in sunspot cycle, 
7, 136, 166, 226; length of rec- 
ords of, 192, 229 
South Africa, 13 
Soutli America, 53, 76, 189 
South Carolina, 135, 187, 218, 233 
South Dakota, 233 
southeast trades, 131 
Southern California, 76 
Southern Great Plains, 141 
Southern Hemisphere, 55 
St. Plelena, 115 

St. Louis, and Montreal, oscillations 
of rainfall between, 73 
St. Paul, 32, 187, 218 
storm tracks, changes in, 16, 202, 
226 

storms, and sunspots, 202 
strip-cropping, 178 
sub-oscillations, 171, 208; in rain- 
fall, 173-175; in temperature, 163- 
171, 196, 229, 230; of sunspot 
cycle, 165-175 

summer droughts, 76; and fruit dry- 
ing, 214; in Pacific States, 16 
sun, 22; and maintenance of atmos- 
pheric circulation, 128-131; and 
rain distribution, 115-122; as cause 
of weather changes, 1, 6, 135; high 
and low, hot and cold, 115, 116; 
in relation to water temperatures, 
148; variations in radiation of, 144 
sunspot cycle, 7, 135, 196, 199; rain- 
fall variations in, 136-146, 155- 
164; sub-oscillations of, 165-175; 
temperature variations in, 143- 
146, 157; variable length of, 143 
sunspots, 134-136, 148-154, 165-175, 
202, 208, 221, 229 
Sussex, 125 
Syria, 44 
Syrian desert, 29 


Tampa, 218 

temperature, affected by lieat from 
witiiin the earth, 20lV and effec- 
tiveness of precipitation, 67; at 
Bismarck, 194; depression of, in 
1903 and 1904, 153; double varia- 
tion of, in sunspot cycle, 155-171; 
effects of city-building on, 188, 
189; high, 39; in geological times, 
201, 212; of air, effect on oceans, 
147; of earth’s crast, 201; of land, 
rate of change of, 74; of oceans, 
compared with continents, 54, 73, 
75, 76, 104; of oceans, effect of 
winds on, 147-154; of oceans in 
relation to drought. 102; of oceans, 
oscillations of, 149; of oceans, 
variations from winter to sum- 
mer, 78; on coasts, affected by 
cloudiness and rainfall, 80; range 
of, over oceans and continents, 
80; sub-oscillations of, 155-174; 
variations of, in sunspot cycle, 
143-146. 149, 153; world changes 
of, 188-200, 230 
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Texas, 10, 58, 72, 183, 233 
Thornthwaite, C. W., 67, 68 
thunderstorms, 60 
Tillimook fire, 20 
top soil, blowing of, 49 
tractors, use of as cause of dust, 49 
trade winds, 124, 131 
trains, delayed by dust storms, 49 
tree rings, as indication of rainfall, 
18, 32, 159, 161, 210 
trends, 181, 189; and oscillations, 
165-175, 223; causes of, 192; in 
climate, 188-200; in early and 
late winter temperatures, 194, 
196, 224; ill Jefferson’s time, 193; 
in plains region. 111, 112; in rain- 
fall, 165-174, 223; in tempera- 
ture, 188-199, 223; in world tem- 
peratures, 188-200, 230; meaning 
of, 191, 192; of temperature, and 
city-building, 188, 189 
typhus, 28 
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oceans, 89 

United States Department of Agri- 
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37, 38, 39, 49, 111 
Utah, 39, 45, 97, 233 

var\'es, rainfall indications of, 18 
vegetation, as indication of efEective- 
n ess of precipitation, 67; desiccat- 
ing action of hot winds on, 51; 
drought-resistant, 67; recuperative 
powers of, 53 
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volcanic eruptions, and climatic 
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temperatures, 190, 191 
Volney, C. F., 193 

Walford, C., 23 
Wallen, A,, 174 
Walstonbury, 125 
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Avar in relation to drought and fam- 
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v/ann periods in geological history, 
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Wasatch Mountains, 63, 97 
Washington^ 45, 46, 58, 233 
Washington, D.C., 41, 43 
v^ater levels, 19 
water supply, failure of, 35 
\\'ater temperature, variations in 
winter and summer, 78, 80 
water vapor, 64, 88, 122, 133 
weather, causes of changes in, 3; 
in relation to sunspots, 135-146; 
point of view regarding changes 
of, 1-9 
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33 
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Weightman, R. H., 54 
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Western Range, 40, 112, 113, 214, 
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West Virginia, 83, 135, 233 
\\et vears, 40, 44, 72, 73, 82, 108, 
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\\hirlwmd of sand, 44 
Wilmington, Del., 187 
wind belts of the earth, 131 
winds, and dust, 44, 45; and earth 
rotation, 130, 131; damaging ef- 
fects of, 39; descending and be- 
coming dry, 45; drying effects of, 
51; effects on ocean temperatures 
of, 147-154; from Canada, 60, 
89-96, 116, 208; from Mexican 
plateau, 94; hot, 51; over moun- 
tains, 45, 88-106; prevailing, 78; 
warm or hot, 51 

wi n ter temperatures, trends, in , 194, 

. 196 , 224 
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